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ABSTRACT 
Interpretations of the electrocardiogram by expert systems are subject 
to error because of the presence of noise in the electrocardiogram, and 
extracted electrocardiographic features. The noise has several sources: 
physiological, electrical, and algorithmic. 
The electrocardiographic diagnostic HELP frames use Classically 
formulated deterministic rules to interpret electrocardiographic data for 
myocardial infarction. The rules are written with absolute or "crisp" 
boundary conditions, and are evaluated according to binary logic. If the 
electrocardiographic wave data have significant amounts of noise, the rules 
are subject to errors in their interpretations (classification errors). 
U sing Fuzzy Logic and Set formalisms, Fuzzy rules can be created. 
Fuzzy rules use Fuzzy subsets to describe the electrocardiographic features, 
and a multivalent logic. Fuzzy membership functions ascribe the 
possibility or confidence that a datum is a member of a fuzzy subset, such 
as a significant q-wave or inferior infarction. 
This particular project compares a Fuzzy rule to the Absolute Criterion 
from the HELP electrocardiographic analysis frames for relative 
classification error rates in the interpretation of inferior infarction. 
The Fuzzy and Absolute Criteria were compared to each other in a 
study of serial interpretations from sequential electrocardiograms from 
computerized patient records ofLDS Hospital. The Absolute Criterion was 
more consistent in its intepretational patterns than was the Fuzzy Criterion 
when compared to the physicians' overread statements. 
A Monte Carlo Simulation was developed to study the effects of noise on 
the intepretative behavior and stability of the Absolute and Fuzzy Criteria. 
If the Absolute (viz. the Relaxed Criterion) and Fuzzy Criteria have similar 
sensitivities and specificities, and data with the same amount of noise, then 
their intepretational behavior and stabilty profiles are not significantly 
different. If the gain is equal to zero, the Fuzzy Criterion mimicks exactly 
the Absolute Criterion in both intepretational behavior and stability. The 
gain of the Fuzzy Criterion alters the behavior profile of the Fuzzy 
Criterion. The Fuzzy Criterion appeared to be less prone to classification 
errors for inferior infarctiono 
In a second patient study, sensitivities, specificities, and positive 
predictive values were calculated for the criteria. Altering the gain of the 
Fuzzy Criterion altered the sensitivity and specificity of the Fuzzy Criterion. 
The Fuzzy Criterion was less prone to classification errors if the data were 
indicative of inferior infarction as shown by the higher sensitivity for the 
Fuzzy Criterion. However, the Fuzzy Criterion was prone to classification 
errors if the data were not indicative of inferior infarction as shown by a 
higher specificity for the Absolute Criterion. 
This project has demonstrated the interesting possibility for the use of 
Fuzzy formalisms to augment the Bayesian and Classical formalisms 
employed in the HELP system for the interpretation of electrocardiograms. 
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Classical formalisms and Bayesian probabilistic theory are currently 
used in the HELP diagnostic system to represent medical concepts and 
make medical interpretations. This project was an attempt to explore and 
apply Fuzzy Set Theory (1) as a representation scheme for the imprecise 
medical concepts used to describe the symptomology and events of 
myocardial infarction in contrast to the Classical and Bayesian formalisms 
used in the HELP system. Fuzzy Logic and Fuzzy Set formalisms extend 
those concepts in Probabilistic Theory and Classical Logic and Classical Set 
Theory that deal with uncertainty and the representation of imprecise 
medical concepts and terminology. In addition, a Fuzzy Logic inferential 
mechanism was used to evaluate a Fuzzy rule developed in this project for 
the interpretation of inferior infarction. The Fuzzy rule used a Fuzzy Set 
representation of different data parameters as a basis for the 
interpretation. This project was also undertaken to explore the manner in 
which Fuzzy Logic deals with uncertainty and the process of medical 
decision making in contrast to the Classical deterministic rules of the 
cardiological analysis sectors of the HELP system. In summary this project 
explores the use and possible benefit of using Fuzzy Logic, to infer from 
primary electrocardiographic wave data the presence or absence of inferior 
infarction in light of the inherent uncertainty in the data and the decision 
making process. 
1.2 Background 
1.2.1 Human Experts and Expert Medical Systems 
Information having a high level of imprecision poses problems for the 
human expert or practitioner. Imprecise information can be detrimental 
to their attentions and actions. A human expert is able to "see" through 
the noise or uncertainty and ascertain the essential informational 
elements in a noisy or imprecise decision making environment. This 
means that a practitioner can make accurate medical inferences and 
therapy treatments based upon "fuzzy" information, or "fuzzy" 
classifications of the symptomology of the patient into diagnostic sets that 
do not have precise or absolute boundaries (2,3). For example, the human 
expert understands that absolute test values, or the magnitudes of wave 
forms of the electrocardiogram, are actually imprecise or "fuzzy" concepts. 
The expert system interprets them as absolute concepts unless otherwise 
instructed. Fuzzy Set Theory and Fuzzy Logic provide a formal basis for 
the representation and interpretation of such absolutes as imprecise or 
"fuzzy" entities in an expert medical system. Fuzzy Logic and Fuzzy Set 
Theory (known from this point as Fuzzy Logic) provide an inherent logical 
and functional means of manipulating uncertainty in the data, 
knowledgebase and inference process (3). This is an alternative to 
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"programming in" the rules or logic by the system developers to 
manipulate and classify the degree of imprecision in the data and 
inferences). 
1.2.2 Fuzzy Lodc in Medical Decision Makin~ 
Since the physician deals in such imprecise terms or ftfuzzy" concepts 
and elastic or plastic decision processes, some researchers in medical 
decision making have felt that it is more appropriate to use a decision logic 
and knowledge representation that is not "crisp" or absolute in nature (4). 
Specifically, they have begun to explore, with some success, alternative 
logics and knowledge representations that are not binary. Instead of 
employing traditional or Classical Sets and Logic that are divalent, they 
champion the use of multivalent logics and elastic (fuzzy) set 
classifications. One example of these multivalent set logics is Fuzzy Set 
Theory and the associated logic and mathematics (5). 
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For example, Bortolan and associates (4) have employed a Fuzzy Logic 
knowledge representation scheme to interpret electrocardiographic 
information for myocardial infarction. They have stated that this approach 
offers two advantages over probabilistic and Classical deterministic rule 
based decision tree schemes because they combine the following features of 
both approaches: the physician is able to understand how the 
interpretation was made and find possible errors because the physician is 
informed about the reasoning path used and the physician is able to make a 
judgement as to what mutually exclusive diagnostic group the 
electrocardiographic information resembles and how reliable the 
automated interpretation is. In addition, with Classical deterministic 
rules small informational changes in electrocardiographic features near 
rule boundary conditions can cause significant interpretational or 
inference changes. However, Fuzzy deterministic rules based on Fuzzy 
boundaries tend to be less severely affected by such interpretational 
changes or instabilities. 
Adlassnig and Kolarz (6) have described CADIAG-2, an expert medical 
system for diagnosis that is data driven, which uses Fuzzy sets to describe 
the symptomology of a patient and Fuzzy reasoning methods to diagnose 
internal medicine disorders. As part of this reasoning facility there are 
methods for the combination of evidence that ultimately provide a 
hypothetical diagnostic list (7). The representation of a patients 
symptomology uses linguistic terms from the patient record that are 
translated into Fuzzy sets in order to be evaluated by Fuzzy reasoning 
methods. So, in the knowledge representation scheme they have employed 
the concept of occurrence that describes the presence or Fuzzy membership 
of a symptom that occurs in a patient. They also utilized the concept of 
confirmability or power of a symptom to confirm a disease or diagnostic 
hypothesis. This too is a Fuzzy membership concept (8). Like other Fuzzy 
expert systems, this system also employs multivalent inference results and 
Fuzzy linguistic medical terms to both describe and interpret the 
symptomology of a patient. The system also provides details to the 
practitioner to explain its diagnostic results. 
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1.2.3 Uncertainty and Noise 
Uncertainty and noise ultimately result from the imprecise knowledge 
or statement of truth about something, someone, or some event. In the 
context of this project, uncertainty has been considered to be synonymous 
with noise, although they do possess nuances of meaning that are 
different. Questions such as: "How confident am I that this person is 
experiencing chest pain caused by ischemia or heart disease?", or "How 
accurate is this measurement for a Q-wave magnitude?" illustrate the twin 
concepts of uncertainty (confidence that something is true) and noise (how 
close a laboratory value is to the population mean). Uncertainty in some 
sense describes one's belief in something, i.e., it is a descriptive or 
qualitative concept about truth and is conveyed via medical terms or 
linguistic concepts. Noise is a quantitative term that describes the 
precision of a measurable quantity and its population mean. 
1.2.4 Sources of Uncertainty or Noise in 
Medical Decision Makini' 
Noise in a medical decision making environment arises from several 
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sources. It arises from the imprecision associated with medical tests and 
descriptions. Variability in the patient population is considered a source of 
noise. Electrical sources cause many problems in the precision of 
electrical devices which measure electro-biopotentials. In addition, the 
recording devices's electronics also are noise sources (9). The techniques 
used to acquire or capture physiological biopotentials via analog and/or 
digital techniques, including wave form processing, can also introduce 
inaccuracies in the recordings of the original wave forms of the 
biopotentials. 
Finally, there are the ubiquitous language and knowledge-related 
sources of uncertainty. How precisely does medical terminology describe 
clinical phenomena? Is the terminology not fraught with imprecision? It 
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is often descriptive (qualitative), instead of quantitative in nature. Unlike a 
lab test value, which can be expressed as how close it is to a population 
mean (in the sense of standard deviations from the mean), it is difficult to 
express a descriptive term for a clinical finding in such terms. For 
example, a significant Q-wave finding in an electrocardiogram is 
indicative of infarction. The term significant carries no measurable 
quantity of error. Although it is an imprecise term (linguistic concept), its 
meaning is exact and crucially important in the diagnosis of inferior 
infarction based upon electrocardiographic features. It is a "fuzzy" 
concept. So, the use of the term "significant Q-wave" in making an 
inference for infarction becomes an exercise in how confident the 
practitioner is that a Q-wave is representative of a significant Q-wave and 
that this significance in turn is suggestive of infarction. 
In the end, the issues of uncertainty in a medical decision making 
environment are summarized when practitioners continually ask, "What 
do we not understand about medicine, what have we not discovered?" or 
"What are the important facts about the patient, what remains to be done to 
improve the health and well being of the patient?" Medicine is a science 
full of endeavor and success, but it is not a completed discipline. It 
remains a science of discovery and experiment. 
1.2.5 Uncertainty and its Implications for 
Patient Care and Outcome 
In medical decision making environments (viz. the human 
practitioners and expert systems involved with patient care) it is 
particularly important that methodologies are developed that effectively 
counteract the detrimental effects of informational entropy in medical 
decision making (the tendency for disorder in medical information and 
decision making). For instance, diagnostic tests often reduce the level of 
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uncertainty. Even so, the imprecision cannot be reduced completely. Many 
lab tests have an associated high level of uncertainty or indefiniteness (10). 
In other words, the data can retain a degree of uncertainty that a 
practitioner or particular medical expert system cannot deal with 
effectively in order to make a correct inference or properly provide for the 
care of a patient. This is especially true if the "expertlt unknowingly makes 
an important medical decision based upon such "bad" information. An 
incorrect assessment or interpretation about a patient's condition resulting 
from imprecise information could lead to unnecessary therapy or the 
omission of needed therapy, either through the inference from data that 
are "bad" because they are so noisy as to be meaningless, or the 
employment of an interpretation methodology or cognitive model in an 
inappropriate context. In addition, an incorrect decision could increase 
the noise or uncertainty in the medical history or status of a person 
requiring medical attention, which could result not only in incorrect 
decisions in the future, but future medical information complications as 
well. 
The criteria for inferior infarction in this project utilized 
electrocardiographic wave magnitudes in order to "make an 
interpretation." These electrocardiographic features and others are 
important to diagnosing cardiomyopathies. The next section serves as a 
brief summarization of the myocardium, function of the heart, its tissues, 
electrochemical events, heart vector, where the heart vector originates, 
lead systems and the electrocardiogram. The section concludes with the 
pathophysiology of myocardial infarction, its effects on and uncertainty in 
the electrocardiogram. 
1.2.6 The Myocardium 
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The heart or the myocardium is the muscular "pump" of the body that 
delivers oxygenated blood to the body and deoxygenated blood to the lungs to 
replenish the oxygen lost to the tissues of the body during cellular 
metabolism. 
The myocardium is composed of several types of specialized tissue. 
Some cells (cardiac muscle cells) are responsible for the contractions of the 
myocardium. Other cells (conductile tissue; specialized cardiac muscle 
tissue) provide more efficient pathways than the contractile muscular 
tissue to carry the cardiac electrochemical impulse (action potential) to 
different regions of the heart. Finally, there are other tissues in the heart 
that provide structural support (e.g., connective tissue and tendons) and 
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aid the pumping activity of the heart. For instance, the cardiac 
atrial-ventricular valves restrain the flow of blood back into the atria when 
the ventricles pump. The backflow of blood from the pulmonary artery and 
aorta when the ventricles fill with venous blood is restrained by the 
pulmonic and aortic valves. 
1.2.6.1 Action Potential, Depolarization and Repolarization 
In order for the heart to contract rhythmically, it has a "natural" pace 
maker, the sino-atrial node. Like the rest of the myocardium, this tissue 
has the property that it will depolarize/repolarize on its on accord. But, 
unlike the other myocardial tissue, its refractive, or resting phase, is 
shorter. Hence, it "paces" the myocardial depolarization/repolarization 
events in the myocardium (9, 11, 12). 
The sino-atrial node begins the depolarization of the myocardium and 
gives rise to the action potential that causes the cardiac muscle tissue to 
contract. The action potential is propagated throughout the myocardium 
in a coordinated manner by specialized conductive tissue and cardiac 
muscle cells (12). Myocardial contractions force the blood to flow from the 
chambers of the heart into the arteries, thence to the tissues of the body. 
The depolarization wave is followed immediately by the polarization wave, 
which returns the myocardium to its resting electrochemical state, the 
resting potential. Soon after the polarization wave passes through 
myocardial tissue, the heart muscle relaxes and its chambers fill with 
blood from the veins leading to the heart. The contraction/relaxation events 
begin normally upon the initiation of the depolarization wave by the pace 
maker after the refractory, or resting phase is over (12). 
1.2.6.2 Ionic Events of the Cardiac Cycle 
The action potential is the result of sequential depolarizations of the 
myocardial cells. Depolarization occurs when the cell membrane of the 
myocardial cells permit a rapid or catastrophic influx of sodium ions, via 
rapid diffusion of the sodium ions through the cell membrane into the 
cytoplasm of the cell (11). During the depolarization phase, potassium ions 
diffuse rapidly out of the cell. In the normal heart, the depolarization 
events of a membranous region make neighboring membranous regions 
"leaky" or freely permeable to sodium. The depolarization sequence is 
self-propagating (11). 
Polarization (viz. repolarization) soon follows depolarization. 
Polarization begins with an increase in the flow of potassium ions into the 
interior of the cells and a net flow of sodium ions out of the cell. The 
cellular "machines" responsible for the repolarization of the membrane 
are ion pumps in the plasma membranes, namely electrogenic pumps. 
These sodium-potassium pumps preferentially transport sodium out of the 
cell and potassium into the cell in order to establish an ionic gradient 
across the plasma membrane (12). The gradient makes a potential 
difference between the inside and outside of the membranes. Polarization 
ends when the myocardial tissue reaches its resting potential (12). The 
myocardium has now been prepared for the next depolarization. 
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1.2.6.3 The Cardiac Dipole 
The depolarization, polarization and refractive events of the myocardial 
cells give rise to millions of dipoles when the myocardium is viewed on the 
scale of the millions of ionic regions of cell membranes. The dipoles result 
from the changing charge distributions or ionic movements and "static" 
charges or ions over the entire myocardial cellular membranes (11). 
The ionic current flows (moving ions) give rise to charge flows or 
electrochemical currents in the myocardium. An individual charge 
and/or its movement (charge flow) can be viewed as a charge dipole (or 
simply dipole), which has a vector representation in three dimensional 
space. A vector representation allows an individual charge (dipole), or the 
average net charge of a group of ions, or dipoles, to be represented with a 
direction attribute and magnitude of charge attribute. 
Dipoles in an electrolytic solution or medium (i.e., a solution that can 
conduct electricity, e.g., a salt solution, or the body) produce lines of 
current flow throughout the medium (11). A current field is produced. 
Myocardial depolarizations and repolarizations produce changing dipoles 
or biopotentials in the body since ions are moving across celluar 
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membranes. Collectively, the dipoles give rise to the cardiac dipole or heart 
vector, the instantaneous collective biopotential of the heart (11). 
1.2.6.4 Cardiac Electrochemical Events Are Recorded 
with the Electrocardiogram 
Researchers and clinicians alike can view the changing biopotential of 
the heart over time, by measuring it with a set of electrocardiographic 
leads placed on the body and connected to an electrocardiographic device, 
which amplifies the changing biopotentials of the heart and filters out most 
other extraneous electrical activity or noise (9, 11). An electrocardiogram 
is produced that is a record of the changing cardiac dipole or heart vector 
over time. The vectorcardiogram is a planar representation of the cardiac 
dipole. It shows the magnitude and direction of the cardiac dipole, in the 
different three-dimensional image planes: frontal, horizontal and sagittal . 
. The electrocardiogram and vectorcardiogram provide important 
information about the electrochemical action of the heart and are very good 
indicators of the contractile (pumping) activity of the beating heart (11). 
1.2.6.5 Orthogonal Lead Systems 
This type of lead system is based upon the fact that all the dipoles that 
result from depolarization, repolarization, and refractive events of the 
heart can be collectively interpreted as one vector, the cardiac dipole or 
heart vector. To accurately measure this heart vector, orthogonal lead 
systems have been proposed. 
Such electrode systems make several assumptions. First, the heart 
vector originates in the center of the heart and the leads can be placed to 
accurately record the heart vector. The leads are grouped into different 
electrodes. The resulting electrode configuration forms planes through the 
body (image planes) which are oriented and aligned with those of the heart 
vector. These image planes intersect perpendicularly at the origin of the 
heart vector. Hence the adjective, orthogonal, is used (11). 
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The three planes are the frontal (formed by the XY-axes; corresponds to 
a frontal cross sectional view of the body through the center of the heart), 
horizontal (formed by the XZ-axes; corresponds to a horizontal cross 
sectional view through the center of the heart), and the sagittal (formed by 
the YZ-axes; corresponds to a side view of the body in cross-section through 
the center of the heart) planes (11). 
However, the heart dipole is off center from the heart. The heart is 
rather amorphous in shape and inconsistent in physical/electrochemical 
make-up. The conducting medium of the heart and body is neither 
homogeneous, regularly shaped, isotropic, or finite in size (11). Lungs, 
bones, tissue fluid and blood vessels make the conduction medium 
inhomogeneous. The electrical properties of the body and heart are not 
uniform. Variations in how the heart vector is measured occur, leading to 
different recordings of the electrocardiogram or vectorcardiogram. Since it 
is so very difficult to align lead axes precisely with the heart vector axes 
and its origin, along with the other factors as mentioned above, the 
"measured" or recorded heart vector from a lead is unequal in strength to 
the "real" heart vector. Consequently, the vectorcardiograhic or 
electrocardiographic recording of the cardiac dipole's magnitude does not 
truly equal the magnitude of the cardiac dipole (11). 
1.2.6.6 The Frank Lead System: A Corrected 
Orthogonal Lead System 
To circumvent these difficulties, corrected orthogonal lead systems, like 
the Frank system, have been developed (11). It was experimentally 
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developed and based on placement of leads upon models of the human torso 
filled with electrolytic solutions and human subjects. Resistor networks 
were developed in the experimental models to reduce the effects of the 
variability of lead placement and individual conductive medium 
differences. The Frank System also assumes image planes (leads) are 
orthogonal and can be aligned with the heart vector (11). 
The Frank system uses seven leads. Since it is a corrected orthogonal 
lead system, the leads or electrodes are connected through a weighted 
resistor network. This is a practical approach to equalize the electrodes or 
nullify the inconsistencies in the conductionlmeasurment of the cardiac or 
14 
heart dipole. Leads a, c, and i make up the X electrode (to record the 
horizontal projection of the heart vector); leads f, m, and h make up the Y 
electrode (to record the vertical or frontal projection of the heart vector) and 
leads a, m, i, e, and c make up the Z electrode (to record the sagittal 
projection of the heart vector) (11). 
In this project, all measurements of the electrocardiogram and 
electrocardiographic features were measured by the Yelectrode (the 
vertical frontal plane) of the Frank lead system. 
1.2.6.7 Normal and Abnormal Features 
in the Electrocardiogram 
Figure 1 displays some common features of the electrocardiogram. The 
reader will notice that magnitudes and a periodicity are associated with 
each wave form. What do these features tell about the activity of the heart 
The P-wave is the beginning of the heart cycle. The P-wave begins with 
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r-wave \ 
q-wave s-t segment 
s-wave / 
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FIG. 1. Common Electrocardiographic Features of electrocardiograms. 
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the depolarization of the sino-atrial node. The P-wave includes the action 
potential caused by the sino-atrial node (pacemaker) depolarization and the 
depolarization events of the atria. Atrial contractions follow soon after the 
P-wave. The atria deliver about 30% more blood to the ventricles than 
would actually be delivered without their support (12). The atria act as 
"supercharger" pumps for the ventricles, especially during physical 
exertion or increased demand for cardiac function. The repolarization 
wave of the atria is masked by the QRS complex. 
After the P-wave, there is a flat region in the electrocardiogram, the 
P-R segment. The P-R segment plus the P-wave comprise the P-R interva1. 
During this interval, the action potential has been delayed by the 
specialized conductive tissue of the A-V node, the atrial-ventricular node 
(12). This delay gives the atria time to complete their pumping stroke to fill 
the ventricles before the initiation of the ventricular pumping stroke. 
Normally the P-R segment is coincident with the baseline, which is the 
isoelectric line. However, the P-R segment is slightly negative. So, in 
many electrocardiograms its tracing is underneath the baseline (11). 
The next feature of the electrocardiogram is the QRS wave or complex. 
This feature's tracing is a record of the action potential movement 
throughout the ventricles. However, the left ventricle is the main 
ventricular component of the QRS complex because of its greater muscle 
mass and strength of contraction (12). In normal electrocardiograms, the 
Q-wave, which is the initial negative deflection, is of small magnitude or is 
not present. It is insignificant. However in ischemic, infarctive, or 
necrotic conditions of the heart the Q-wave can become more prevalent, or 
significant. Therefore significant Q-waves or changes are diagnostic cues 
for infarction originating in the ventricles, or other disease conditions of 
the heart (11). The first positive deflection after the P-R segment in the 
electrocardiogram is called the R-wave. The S-wave is the negative wave 
following an R-wave. 
The interval following the S-wave is the S-T segment. During this time 
the ventricles have depolarized completely and consequently begin to pump 
and empty the blood into the arteries leading from the heart. The J -point 
ends the QRS complex and begins the S-T segment. In acute ventricular 
cardiomyopathies, the S-T segment can be elevated, depressed, downward 
sloping or upward sloping (11). 
The T-wave occurs during the repolarization of the ventricles and its 
height or amplitude is proportional to the QRS complex, the depolarization 
event of the ventricles. Ischemic conditions can cause the T-wave to 
become inverted. If there are significant Q-waves present in conjunction 
with deep symmetrical T-waves, then a recent infarction is indicated (11). 
Massive injury or necrosis and connective tissue replacement of a ventricle 
(as in an old injury) can also cause repolarization to be prolonged (12). The 
T-wave can be altered not only in the shape of its waveform in 
cardiomyopathies, but its magnitude can be reduced as well. 
Mter recovery, the T-wave tends to return to an upright pattern. 
Hence, old infarctions can be identified by an altered QRS complex (e.g., 
significant Q-wave) and a normal appearing (i.e., upright) T-wave. 
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The Q-T interval is that part of the electrocardiographic tracing between 
the QRS complex and the end of the T-wave. During this time the 
ventricles complete their pumping cycle and at the end of the interval relax 
and venous blood flows into them during the T-P segment, thus prepping 
the heart for the next pumping cycle, which is initiated by the upcoming 
P-wave (12). 
1.2.6.8 Coronary Heart Disease and Ischemia 
Ischemia, or lack of a sufficient blood supply to any region of the heart, 
can result in ischemic zones. This is the pathophysiological result of 
coronary heart disease. If the blood supply is so poor to an area that 
cardiac muscle function cannot be sustained, the affected region of the 
heart is said to be infarcted (12). What causes this deficiency in the 
coronary blood supply to an ischemic zone? 
Coronary arteries, the arteries which deliver oxygenated blood to the 
heart, can become occluded or blocked via blood clots or coronary plaques. 
Coronary plaques are caused by cholesterol deposits or associated fibrous 
masses, or calcium carbonate deposits along the epithelial lining of a 
coronary artery (12). The condition of plaques existing in the coronary 
arteries is called atherosclerosis. In addition, injury or irritation of the 
lining of the coronary artery (perhaps related to atherosclerosis) can cause 
a local spasm that can lead to an acute coronary occlusion (12). Such 
events can also lead to the formation of a coronary clot or thrombosis. This 
type of event can occur quickly, with dangerous and life-threatening 
consequences. 
1.2.6.9 Myocardial Infarction 
Eventually, if the deficiency in the blood supply is not corrected by 
removal or reduction of these occlusions, extensive localized tissue damage 
and death of the myocardium can occur through the following process, 
which is called myocardial infarction. 
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If a coronary artery is blocked, oxygenated blood cannot be delivered to 
regions after the occlusion. However, collateral blood can enter the affected 
regions. Yet, the direct blood flow away from the effected regions has 
stopped because of the low blood pressure caused by the occlusion. The 
blood stagnates. Edema results, compounding the circulation problems. 
Eventually, complete oxygen depravation in the affected tissue results (12). 
Tissue death quickly follows any severe oxygen deprevation. The tissue 
becomes necrotic and cannot be repaired. Connective tissue eventually 
replaces the necrotic myocardium (12). In regions of the heart that have 
experienced repair via connective tissue replacement of unhealthy 
myocardial tissue, different electrochemical properties from that of healthy 
tissue are exhibited. 
1.2.6.10 Damaged Myocardium Alters the 
Electrocardiographic Features 
The damaged necrotic area of the heart (say a ventricular area, such as 
associated with an inferior infarction) alters the heart vector since the 
collective effects of its source, the millions of dipoles, are no longer the 
same. The damaged area is no longer the same in its expression of the 
electrochemical events of the heart cycle. These areas remain depolarized 
at all times (negatively charged surfaces) giving rise to the "current of 
injury" (12). In many cases this results in a lower baseline recording of the 
electrocardiogram. In addition, the action potential or depolarization wave 
in the heart as it approaches the infarcted zone now no longer has as many 
dipoles in the positive direction or pointing towards the electrode. If a 
number of them occur or the damaged area is substantial, then this results 
in a strong or significant initial negative deflection in the 
electrocardiogram, the Q-wave of the QRS complex .. This is why a 
significant Q-wave is such an important indicator of infarction related to 
the ventricles, usually the left. Since the QRS complex and the T-waves are 
positively correlated, the polarization of the ventricles thus produces 
changes in the T-wave, e.g., a deep or negative T-wave. The associated 
changes in the S-T segment can be attributed to a like phenomenon and the 
current of injury (12). 
1.2.6.11 The Electrocardiogram and 
Myocardial Infarction 
From the above explanation of normal and abnormal features of the 
elecrocardiogram, it should be apparent that the electrocardiogram is a 
valuable clinical tool for the diagnosis of abnormal activities and conditions 
of the heart. It is painless, economical, noninvasive, reproducible, 
standardized, and easily performed. The electrocardiogram is used 
extensively in the diagnosis of arrhythmias, myocardial infarction, 
myocardial hypertrophy, pericarditis and systemic diseases that affect the 
heart and show particular rhythmic, pattern, or magnitude changes of the 
biopotentials of the myocardium (11). 
1.2.6.12 Other Clinical Indicators of 
Myocardial Infarction 
In addition to the electrocardiogram, a diagnosis of cardiac 
malfunction or an abnormal myocardium must also be based upon clinical 
findings: health of the patient, history, associated lab tests, and a physical 
exam of the patient. 
1.2.6.13 Uncertainty in the Electrocardiogram 
As the preceding paragraph has hinted, the electrocardiogram is not a 
perfect information source of the heart. For example, it is well-known that 
a normal electrocardiogram does not necessarily preclude a problem with 
the myocardium. Normal electrocardiograms have often been recorded in 
people with heart disease. The pathological process must first disturb the 
electrical activity and integrity of the heart before it can even begin to be 
measured by electrocardiography (11). In addition, abnormal 
electrocardiograms have been obtained from individuals with hearts that 
are normal (11). Finally, pulmonary diseases can also affect the 
electrocardiogram dramatically and thus can either be confused with 
cardiac disease or even mask the presence of a heart condition (11). 
The electrical and computer components of the electrocardiographic 
measuring device are not capable of removing all sources of noise or 
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extraneous elements in the electrocardiographic recording. Noise sources 
include: the electrical fields external to the electrocardiographic device, 
electrical fields internal and properties of the electrocardiographic device, 
electrode placement, poor contact of the lead and skin, physiological noise, 
patient variability, and unexplained sources of noise (9). Noise adds 
components of imprecision to the wave forms measured by the 
electrocardiogram and hence to the interpretation or diagnosis of cardiac 
malfunction of the heart. 
1.2.6.14 Imprecise Terms and the Interpretation 
of Electrocardiograms 
Imprecise linguistic terms ("fuzzyU) terms are often used to describe or 
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characterize electrocardiographic features. For example, qualitative terms 
such as significant or distinct Q-wave, abnormal T-wave, small P-wave, 
broad QRS, and others are used. These types of descriptors are used by the 
cardiologist or electro cardiographer to describe the electrocardiogram and 
are treated as symptoms that are used to confirm or deny a diagnosis (13). 
Hence the physician often uses imprecise terms to describe either the 
patient information, as symptoms, or the uncertainty of the information 
used in the diagnostic process. Also, the diagnostic process or decision 
process is often elastic or plastic in nature. "Fuzzy," floating, or imprecise 
decision boundaries, different decision criteria, or other processes are used 
to reach a clinically significant interpretation from the patient information 
or symptoms. 
1.2.7 The HELP System and the Evaluation 
of Inferior Infarction 
In the HELP system, there are many sectors that together as a block 
comprise the electrocardiographic analysis program. These sectors 
review, analyse, and evaluate the patient data for different types of cardiac 
dysfunction. This project has focused on two sectors that evaluate patient 
electrocardiographic data for inferior infarction or nondiagnostic Q-waves. 
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The patient data had been originally recorded by an electrocardiographic 
system using the Frank lead protocol. The electrocardiographic system 
was able to analyze the basic electrocardiograms and through an interface 
with the HELP system patient data base, record the wave magnitudes from 
the different leads into the patient's medical record. 
The HELP system has two Classical deterministic rules that evaluate 
the data in the patient record for inferior infarction using data provided by 
the Y-lead of the Frank lead system. These two rules, the Absolute 
Criterion and the Relaxed Criterion, are shown in Figure 2. The Relaxed 
Criterion is a more" complex" descendant or counterpart to the Absolute 
Criterion. The Relaxed Criterion has two additional connectives and 
another clause, which is made up of two subclauses. 
Whereas the final evaluation of the Absolute Criterion is either a 
negative or positive interpretation for inferior infarction, the Relaxed 
Criterion uses a final evaluation of either positive or negative for 
nondiagnostic Q-waves. In some sense, the Absolute Criterion was 
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FIG. 2. The Absolute Criterion is Transformed into the Relaxed 
Criterion. A Classical rule was transformed into a more complicated 
Classical rule, which has increased sensitivity without a critical reduction 
in the associated specificitity. 
The relationship between the clauses of the rules are shown, along with 
the differences between the logic of the two. The Q-wave magnitude in 
clause_4 of the Absolute Criterion was relaxed to -150 microvolts in the 
Relaxed Criterion, clause_3. Clause_3 of the Absolute Criterion was 
deleted in the Relaxed Criterion. Clause_4 and clause_5 were added to the 
Relaxed Criterion and connected by an "AND". The clause groups were 
then connected by an "OR". The interpretation of the Absolute Criterion is 
for inferior infarction whereas that of the Relaxed Criterion is for the 
presence of nondiagnostic Q-waves, which is indicative of inferior 
infarction if recorded in the Y -lead. In this project these two 
interpretations were considered to be equivalent. 
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paragraphs that follow. 
From the studies of Pryor (14), the Absolute Criterion was shown to be 
very strict in its interpretation for inferior infarction. In other words, this 
rule exhibits a high specificity, but the sensitivity is low. If only this rule 
were used, too few true positives would be recognized and or too many false 
positives would occur in the clinical evaluation process. However, relaxing 
the boundaries, deleting a clause, and adding another clause with the 
correct logical flow, could produce a rule with a higher sensitivity without 
a concomitant critical loss of specificity. Hence Pryor (14) increased the 
second Q-wave boundary in the Absolute Criterion from -250 to -150 
microvolts and introduced a third clause consisting of two subclauses 
connected by an "and." The effect of this clause is to compare the 
magnitude of the Q-wave with the T-wave character. Finally, the 
magnitude of the R-wave is removed as a limiting parameter in the rule. 
This transformation process produces the Relaxed Criterion. 
For the purposes of this project, nondiagnostic Q-waves in the Y -lead 
are equivalent to an interpretation of inferior infarction. An abnormal 
T-wave in this case meant either an inverted T-wave or a nonexistent 
T -wave. These criteria are listed in Appendix A. 
1.3 Project Description and Goals 
This project was carried out to determine if a Fuzzy Logic and Fuzzy Set 
Theory approach to implementing decision logic for myocardial infarction 
(using inferior infarction rules as a test case) was a viable alternative to the 
current inferior infarction deterministic rules of the HELP diagnostic 
system in dealing with uncertainty. The determination of whether or not 
this Fuzzy Logic approach was a viable alternative to the classical 
formalism of the HELP system was based upon the relative interpretational 
results of the different criteria for infarction under the following concepts. 
These concepts could be considered important attributes of an expert 
electrocardiographic interpretational system in dealing effectively with 
uncertainty (16). 
1.3.1 Important Attributes of an Expert 
ElectrocardioiUaphic Interpretational 
System 
First, an expert system should exhibit consistent behavior when given 
serial electrocardiographic information. The question this concept posed 
was: which rule exhibits a greater interpretational consistency between 
patient derived serial electrocardiograms? This is an important 
"physician-like" behavior for an expert system. 
Second, an expert system should not experience undue instability in its 
interpretational statements under varying conditions of noise. The 
evaluations should be correct and consistent for electrocardiograms with 
low to high levels of noise. Like the human cardiologist, the medical expert 
system should be able to make correct inferences in the presence of noise. 
The question posed was: which rule exhibits a greater degree of 
interpretational stability with respect to noisy electrocardiographic 
information? Another way of posing this question is: are the 
electrocardiographic interpretations of a particular rule stable if the 
underlying data elements have had noise randomly added to them? A 
simulation could give valuable information to attempt an answer for this 
question. 
Third, it is desirable for the expert system to mimic as closely as 
possible the diagnostic statement behavior of the physician and always be 
correct. One would like the expert system to interpret truthfully; i.e., "tell 
the truth." This concept posed the question, which rule mimicked the 
interpretational behavior of the physician more effectively? 
Finally, it would be a desirable feature of a diagnostic rule that it be 
easily modified or adapted to be applicable in a variety of clinical conditions. 
It should be possible to change its behavior from very conservative in its 
inference to very aggressive in its interpretational behavior for inferior 
infarction. In other words, can the interpretational behavior of a Fuzzy 
rule for inferior infarction be easily altered and what does this mean in 
terms of its subsequent interpretational behavior in relation to the Classical 
rules of the HELP system and the physician? Although it would be 
difficult, if not impossible, to answer this question in the affirmative at this 
time, a means to alter the interpretational behavior was developed for the 
Fuzzy rule that illustrates how simple it is to change the interpretational 
behavior of the Fuzzy rule. 
The answers for the original question and the member questions of its 
decomposition are based upon how the interpretations of the rules compare 
with that of the physician's decisions (which were considered to be error 
free), how stable inferences from the rules with serial electrocardiograms 
(once again the physician's serial interpretations were considered error 
free) are, and how the rules' interpretational behaviors, and inferential 
stabilities (a consistency measure) compare in a Monte Carlo simulation in 
which the level of noise has been modeled. 
1.3.2 Context Was not Considered as an 
Issue in this Project 
The project described in this paper focused on developing a methodology 
to effectively deal with the imprecision or noise inherent in 
electrocardiograms and the uncertainty involved with an automated 
medical decision. It also focused on the development of Fuzzy Logic and 
Fuzzy Set Theory formalisms that could represent imprecise medical 
terms, such as significant Q-waves, as discrete membership functions. 
Q-wave magnitude values could then be compared to the functional 
representation of significant Q-waves and a confidence value or 
membership value in the set of significant Q-waves could be assigned. 
Using these values as logical parameters, the Fuzzy rule could then make 
an inference from the membership of the data in the diagnostic set, 
inferior infarction. 
However, even though the author has mentioned the context in which 
rules can be applied, this project does not directly address the problems 
encountered concerning the contextual application of rules for 
electrocardiographic interpretations, knowledge representation schemes, 
or associated inference mechanisms. In this project, it was assumed that 
the contexts in which the rules for inferior infarction were applied were 
correct, with zero certainty that the rules could not be applied. 
1.3.3 Brief Description of Fuzzy Formalisms 
as Used in this Project 
This section gives a brief introduction to Fuzzy Set Theory and Fuzzy 
Logic (16, 17) through the explanation of how the Classical rule, the 
Absolute Criterion, was transformed into a Fuzzy rule, the Fuzzy Criterion 
and how the Fuzzy rule was used to evaluate the electrocardiographic data 
for inferior infarction. Figure 3 encapsulates the transformation in a 
concise representation. 
1.3.3.1 Introduction of Fuzzy Logic through 
a Fuzzy Transformation 
The Absolute Criterion was transformed into a Fuzzy rule, the Fuzzy 
Criterion, through the use of a Fuzzy "transformation." Each clause of the 
Absolute rule can be perceived as a Fuzzy subset. The appropriate 
electrocardiographic datum will have a degree of membership in the 
clause. Each clause of the Absolute Criterion was "fuzzified," or 
transformed into a fuzzy .. subset. Through a sequential application of Fuzzy 
Set Theory formalisms to each clause of the Absolute Criterion, the "fuzzy" 
medical linguistic term, significant Q .. wave in the V-lead, can be 
represented as a Fuzzy membership function or as in this case, a Fuzzy 
subset. Hence a Q .. wave from a particular electrocardiogram will have a 
degree of membership in the set of significant Q-waves. 
1.3.3.2 Fuzzy Membership Functions and Confidence 
An inherent feature of Fuzzy Logic is the use of Fuzzy membership 
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FIG. 3. Transformation of the Absolute Criterion into the Fuzzy 
Criterion. The Classical rule, the Absolute Criterion, is transformed into a 
Fuzzy rule, the Fuzzy Criterion. The connectives become MAXIMUM (for 
the "OR") or MINIMUM (for the "AND") operations for the determination 
of the confidences of each Fuzzy clause, represented by Conf_1, Conf_2, 
Conf_3, and Conf_ 4. Each clause of the Absolute Criterion was 
transfonned into a Fuzzy subset that is discretely described by the 
confidences: 0%, 25%, 50%, 75%, and 100%. These confidences correspond 
to the linguistic tenns: definite, probable, possible, consider, and not 
possible. These tenns are used to describe the certainty or possibility that 
the information represents inferior infarction. 
linguistic term such as a significant Q-wave, to a particular propositional 
clause of the Fuzzy rule. The Fuzzy subset or its membership function for 
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each clause was used to ascribe a membership value of a particular data 
item. Membership values are elements of[O, 1], i.e., can have any real 
value between 0 and 1, inclusively. Values within the interval, or middle 
values, are allowed to describe the membership of a datum in a set or the 
certainty of an evaluation or possibility inference of a rule. Middle values 
can also be used to describe the confidence or certainty for the application of 
a rule to a particular situation. This contrasts with a Classical set or the 
truth evaluation of a Classical rule in which only 0 or 1 values are allowed 
for the truth value of a datum. No middle value between 0 and 1 is allowed, 
i.e. an element is either a member of a set, or it is not a member; a rule is 
either true or it is false; a rule is either applicable or it is not. 
A Fuzzy datum's membership in a clause can be looked upon as how 
ttdeep" it is within the fuzzy subset. If a datum is not within the fuzzy 
subset, then its membership is zero. Zero and 1 represent definite 
certainties, while values between them represent intermediate certainties 
or possibilities. The intervening or middle values are attempts to 
represent the uncertainty of membership of a particular element in a 
Fuzzy subset. 
For the purposes of this project each Fuzzy interval, based upon a 
clause of the Absolute Criterion, was divided into five separate and equal 
neighborhoods and each neighborhood was assigned a certainty or 
confidence value of 0%, 25%, 50%, 75%, or 100% which corresponded to the 
following values: 0.00,0.25,0.50, 0.75, and 1.00. In this project, 
interpretative interval is synonymous with Fuzzy interval or Fuzzy subset. 
This particular implementation of Fuzzy Logic created discrete 
interpretational or Fuzzy subset domains. The Fuzzy rule was then 
evaluated under the max/min rule of Fuzzy composition (16,17). The 
evaluations of the Fuzzy rule could either be 0%, 25%, 50%, 75%, or 100%, 
which could correspond to the linguistic terms: inferior infarction not 
possible, consider inferior infarction, inferior infarction possible, inferior 
infarction probable, and definite inferior infarction. These would be the 
possible membership assignments of the data to the Fuzzy set, inferior 
infarction. This particu1arimplementation of Fuzzy Logic is a multivalued 
logic rather than an infinitely valued logic; stepwise or discrete domains 
are used. Infinitely valued logic could be the result of using continuous 
fuzzy subsets or membership functions to ascribe membership of the data. 
Also, any final evaluation above a confidence of 0% was considered positive 
for the purposes of this project. 
1.3.3.3 MAXIMIN Composition: A Fuzzy 
Inference Rule 
The MAXIMIN rule of composition is the principle under which the 
Fuzzy rule of this project is evaluated. Appendix B illustrates how the 
MAXIMIN principle works. Essentially the principle treats the logical 
connectives of a Fuzzy rule in the following manner. An "AND" connective 
means that the minimum of the two clauses is taken. For example if the 
clause is: 0.3/A and 0.8IB, the evaluation is 0.3, which is the minimum of 
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A and B. The notation, 0.3/A means that the membership ofa datum in 
clause A is 0.3. On the other hand, if the clause is: 0.3/A or 0.8IB, the 
evaluation is 0.8, which is the maximum of A or B. An "OR" implies that 
the maximum membership is taken. Appendix C explores this further 
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with more in depth examples. Table 1 illustrates how the wave 
information is evaluated by the Fuzzy clauses into a final interpretation, by 
the following composition: 
Conf_n, represents the confidence in a particular clause determined by 
prior evaluation of the particular data by the clause of the Fuzzy Criterion. 
Finally, as an aid to the reader for a fuller understanding of how the 
different types of rules evaluate electrocardiographic data, Table 2 shows 
how Fuzzy rule evaluations differ from the evaluations of the Classical 
rules, the Absolute Criterion and the Relaxed Criterion. Sample 
electrocardiographic data are evaluated by each rule and the final 
interpretations are shown for each rule. 
1.3.4 Certainty for the Application of Each Rule 
Finally, for the purposes of the project, a basic assumption was 
approved for each criterion: each was applied with equal validity to the 
data, specifically, the confidence for the application of the Fuzzy Criterion 











TIlustrations on how the Fuzzy Criterion Evaluates the 
Electrocardiographic Wave Data 
200 0.00 0.00 0.00 0.000.00 (no) 
400 0.00 1.00 0.00 0.000.00 (no) 
399 0.50 0.00 0.75 0.000.00 (no) 
250 0.75 0.25 0.25 0.000.25 (yes) 
300 1.00 1.00 0.50 0.500.50 (yes) 
610 1.00 0.00 1.00 0.500.50 (yes) 
000 1.00 0.75 1.00 0.750.75 (yes) 
810 1.00 0.00 1.00 0.750.75 (yes) 
500 1.00 1.00 1.00 1.001.00 (yes) 
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This illustrates how the wave information is evaluated by the clauses of 
the Fuzzy Criterion into interpretative confidences. The confidences are 
then evaluated by the MAXIMIN composition rule in order to determine 
what the final evaluation or interpretation for inferior infarction is. Any 
result greater than or equal to 0.25 constitutes an inferior infarction. In a 
concise formula: 
Result = MAX {MIN [Conf_l, Conf_2, Conf_3], Conf_4}. 
TABLE 2 
Example Interpretations by the Criteria 
Q-mag R-mag T abnormal? Fuzzy Absolute Relaxed 
a. 0 400 no no no no 
b. -50 399 no no no no 
c. -65 260 no yes no no 
d. -70 270 no yes no yes 
e. -SO 300 no yes no yes 
f. -76 350 no no no no 
g. -76 350 yes no no yes 
h. -150 610 no yes no no 
i. -150 610 yes yes no yes 
J. -200 600 no yes yes yes 
k. -200 610 no yes no yes 
1. -250 500 no yes yes yes 
The above table is representative of normal electrocardiographic wave 
information, which was evaluated by each of the criteria. The first three 
columns represent possible wave data (wave-triplets). The last three 
columns represent the interpretations by the criteria. A "yes" signifies an 
inferior infarction. A "no" interpretation signifies no infarction. A It yes" 
interpretation by the Fuzzy Criterion was any confidence greater than or 
equal to 0.25. The results point out some differences in the interpretative 
behavior of the criteria. Note in particular: c and d; f and g; hand i; j and 
k. Minor variations (due to noise) in the information near "crisp" or 
absolute boundaries can give rise to classification errors, especially in the 
Absolute Criterion. 





2.1 Methodology of Patient Study I 
This study (15) was undertaken to study the consistency or stability in 
electrocardiographic interpretations of serial electrocardiographic data by 
the Absolute Criterion and the Fuzzy Criterion. The physicians' 
interpretations of the electrocardiograms were used as a standard. 
A set of 374 electrocardiographic records containing a compilation of 
the recorded magnitudes of electrocardiographic waves and their 
associated descriptions (modifiers) was collected and used to create a 
patient database. The records collected were limited to patients who had 
two or more computerized electrocardiograms during their hospital stay, 
i.e., serial electrocardiograms. The electrocardiograms were collected 
according to the Frank lead protocol. This particular study reanalyzed 
each patient's serially recorded electrocardiograms with the Fuzzy and 
Absolute Criteria for indications of inferior infarction. The interpretations 
of the criteria were based solely on the recorded magnitudes of the Q- and 
R-waves from the Y-lead of the Frank protocol from the patient records. 
The sequential sets or serially interpretational results from the two criteria 
were compared to the physicians' statements and diagnoses from their 
evaluations of the same electrocardiograms and the same patients. These 
statements or diagnoses had been stored with the patients' computerized 
medical records as "physician overread" statements. 
2.2 Methodology of the Simulation Study 
This study (18) was undertaken to examine the interpretational 
behavior of the different criteria under different levels of noise in a Monte 
Carlo simulation. The simulations distributed the wave magnitudes 
normally about a mean in order to model noise. The spread or distribution 
of the waves was proportional to the level of noise. 
2.2.1 A Means of Studyini the Effects of 
Gain on the Interpretational 
Behayior of the Fuzzy Rule 
This study also looked at the effects of altering the Fuzzy subsets or 
interpretation intervals of the Fuzzy rule which, describe the membership 
relations of the Fuzzy rule clauses. These Fuzzy clauses were derived from 
the clauses of the Absolute Criterion. If the Fuzzy subsets or 
interpretational intervals were dilated (made larger), then the gain of the 
Fuzzy rule was increased; otherwise if the interpretational intervals were 
contracted (made smaller), the gain was decreased. Appendix D gives an 
illustration of what gain means in terms of the Fuzzy Criterion. 
2.2.2 Conceptual Desi~ of the 
Monte Carlo Study 
The overall conceptual design of the simulation project is illustrated by 
Figure 4. The simulation study consisted of a group of simulation study 
Choose Gain of the Fuzzy Criterion 
Choose standard deviation of the 
wave magnitudes { 10, 50, or 200 microvolts} 
about their means to model noise in EKG 
Change R-wave Loop, assign R-wave mean 
Change Q-wave Loop, assign Q-wave mean 
Generate 200 Q-waves about mean 
Generate 200 R-waves about mean 
Generate 200 T-wave characters 
Evaluate each wave packet 
(200 Interpretations) 
FIG. 4. Simulation Conceptual Structure. The above diagram 
illustrates the overall conceptual structure of the simulation study. The 
diagram implies a nonnal distribution of the Q- and R-waves about their 
mean magnitudes. Standard deviations of the nonnal distribution of the 
wave magnitudes were assigned for each simulation study. The t-wave 
character was randomly and equiprobably allowed to be either abnormal or 
nonnal. 
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sets. These simulation study sets were comprised of a group of simulations 
with the same data noise level and gain for the Fuzzy Criterion. Changing 
the gain alters the membership function with subsequent changes in the 
overall interpretative behavior of the rule. 
2.2.2.1 Definition of a Simulation and 
Wave Magnitude Constraints 
Each simulation set consisted ofa set of magnitudes for Q and R that 
had been generated about a set of means for both Q and R. The range of the 
R-wave means was 50 to 1000 microvolts, with 50 microvolt increments 
(steps) between each mean ( viz. 50, 100, 150, ... 1000 microvolts, i.e, the R 
range = [50 microvolts, 1000 microvolts] step 50 microvolts), and the range 
of the Q-wave means was -300 to 0 microvolts, with 50 microvolts 
increments between each mean (viz. -300, -250, ... 0 microvolts, i.e., the Q 
range = [-300 microvolts, 0 microvolts] step 50 microvolts). Finally, a single 
simulation consisted of a group of wave-triplets generated under an equal 
level of noise (200 values each for Q, R, and T). 
2.2.2.2 Data Set Description 
This study was limited to interpreting simulated magnitudes ofQ- and 
R-waves, and the character of the T-wave for the indication of inferior 
infarction. The T-wave was considered to be either normal or abnormal in 
character. The above electrocardiographic data were modelled and 
measured from the hypothetical Y -lead of the Frank protocol for the 
measurement and recording of an electrocardiogram. 
2.2.2.3 VAX system and Random Number Generator 
The simulation was implemented in VAX-11 FORTRAN, on a VAX 750 
computer (Digital Equipment Corporation). 
The general random number generator (MTH$RANDOM, a 
multiplicative congruential random number generator) used in this study 
was found in the Run-Time Library of routines for the VAX. 
2.2.2.4 Simulation ofQ- and R-waves 
To simulate the Q-wave magnitudes, the R-wave magnitudes, and the 
T-wave character, three different (independent) random number arrays 
were generated for Q, R, and T. These arrays were generated using three 
different seeds with separate calls to the random number generator for 
each array. After the arrays of random numbers were generated for the Q, 
R, and T-waves, each array was used to generate either a wave magnitude 
for Q and R, or a normal or abnormal T-wave value or characteristic. 
2.2.2.5 Generation of the Separate Random Number 
Array Elements for the Q- and R-waves 
In the case of the Q - and R-waves, the simulation program distributed 
the magnitudes of the waves normally about the specified individual Q and 
R means and placed the resultant magnitudes into two individual arrays 
dimensioned for 200 elements, one magnitude array for Q and another for 
R. To do this, an algorithm found the sum of 12 consecutive random 
numbers to give an intermediate value, which was later converted into 
wave magnitudes distributed about a mean magnitude. The algorithm 
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that follows was applied to the complete random number arrays of Q and R, 
which contained 12,000 random numbers each, the size needed to derive 
200 magnitudes. This algorithm found the sum of each set of 12 
consecutive random numbers and placed these sums into intermediate 
arrays, one for the Q-waves and one for the R-waves. The algorithm looked 
like this: 
intermediate_ valueG) = 
random_number(i) + random_number(i+1) + 
random_number(i+2) + ... + random_number(i+12) 
if not finished, get next set of 12-random numbers 
else stop summing random numbers. 
2.2.2.6 Algorithm for Forming a Normal 
Distribution of Q- or R-waves 
The following algorithm took each intermediate value from the above 
algorithm and generated magnitudes normally distributed about an 
assigned mean for Q, which had been provided by the program. 
Q.-wave_magnitude(k) = Q.-mean_magnitude + 
standard_deviation_in_ Q.-wave * [ intermediate_ value(i) ] 
This algorithm generated 200 magnitudes for Q about each mean 
assigned by the program. Values for the R-wave were generated in a like 
manner. Such a set of magnitudes, along with the T-wave information, 
comprised one simulation. 
2.2.2.7. Noise in a Simulation Was Simulated by the 
Spread in the Distribution of the Q- and 
R-waves about a Mean 
The "standard_deviation_in_~wave" (i.e., the variable corresponding 
to the standard deviation in the Q-wave) was used to model the level of 
noise in the Q-waves in an electrocardiogram. This quantitiy was 
proportional to the level of noise. In a like manner, the level of noise in the 
R-waves was modelled, with a value equal to the 
"standard_deviation_in_~wave." Hence, both wave magnitudes carried 
the same simulated noise level. Noise as used in this study was considered 
to be synonymous with electrical noise in the electrocardiogram, 
physiological noise in the electrocardiogram, variability in the patient 
clinical episode or other factors of uncertainty in the medical decision 
making process. 
2.2.2.8 Generation of the T -wave Character 
The character of the T-wave was generated from another independent 
array of random numbers. If the random number was greater than 0.5, 
then the T-wave was considered normal. However, if the random number 
was less than or equal to 0.5, then the T-wave was considered abnormal. 
2.2.2.9 Wave-triplets: Conceptual Means of 
Representing the Data Elements 
Evaluated by the Rules 
The values for the Q, R, and T-waves were associated into triplets. 
These wave-triplets were interpreted by the three criteria to determine if 
the data indicated inferior infarction. The three criteria are listed in 
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AppendixA. 
2.3 Methodology of Patient Study II 
The database of this particular study was similar in nature to that of 
the first patient study, although this database contained 251 patients 
instead of the 374. Patients with pacemakers had been removed. 
2.3.1 Database Description 
As with the first database, each patient in this second database also 
contained a Physician Diagnosis (Physician Overread) and 
electrocardiographic data, which included the magnitudes, and character 
of the Q, R, and T-waves from the Y-lead of the Frank protocol. As in the 
first study, the wave data were evaluated by the Absolute and Fuzzy 
Criteria to determine if there was an indication of inferior infarction. In 
addition, the Relaxed Criterion also evaluated the wave data and made use 
of the T-wave character in its interpretation process. Each interpretation 
by the criteria was compared to the results of the physicians' findings, 
which were stored as the Physician Overread statements. 
2.3.2. True Positives. True Neiatives. False Positives. 
and False Nee-atiyes Are Defined 
If an interpretation by a criterion was indicative of an inferior 
infarction, then this was labelled a positive (or a "yes" interpretation for 
inferior infarction); otherwise, it was a negative (or "no") finding for 
inferior infarction. After the interpretation of an electrocardiographic 
record, the result was compared to that of the Physician Overread 
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(Physician Diagnosis). If the criterion's interpretation was positive and it 
agreed with the Physician, then it was a true positive interpretation (true 
because it agreed with the Physician's interpretation); otherwise, it was a 
false positive interpretation (because it did not agree with the Physician). 
On the other hand, if the criterion's interpretation was negative and this 
was in agreement with the Physician's diagnosis, then this was a true 
negative interpretation. Otherwise, it was a false negative interpretation. 
So, in this particular study, the Physician's diagnosis was considered 
"truth," by which the other criteria were compared as true positives, true 
negatives, false positives, and false negatives. From these determinations, 
the sensitivities, specificities and positive predictive values were calculated 
for each criterion. Figure 5 provides the definitions of these statistical 
quantities and details for how the quantities were calculated. 
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Infarction No Infarction ROW (diseased) (not diseased) TOTALS 
Positive True Positives False Positives number of 
(yes) (TP) (FP) positives 
.................. ...... , ..................... •••••••••••••• SQ ••••••••••• .................... 
Negative False Negatives True Negatives number of 
(no) (FN) (TN) negatives 
COLUMN number with number without Total in 
TOTALS infarctions infarctions study 
sensitivity = number ofTPs / number with infarction 
specificity = number ofTNs / number without infarction 
positive predictive value (ppv) = number of TPs / number of positives 
FIG. 5. Format for the 2X2 Contingency Table. This format was used to 
calculate the sensitivities, specificities, and positive predictive values for 




3.1 Results from Patient Study I 
The contingency tables in Figure 6 summarize the results of the first 
patient study (15). The numbers in each cell represent the 
interpretational results of the three criteria. The cells contain the number 
of unchanged interpretational patterns or interpretational patterns that 
underwent a change from one time sequential electrocardiographic record 
to another. For this particular study, a nonzero interpretation or a 
positive finding for inferior infarction by a physician was represented by a 
statement in the physician overread of inferior infarction, with any 
modifier, or significant inferior Q-waves. A zero interpretation or a 
normal electrocardiographic pattern or a negative finding for inferior 
infarction was represented by an absence of the above types of physician 
overread statements. A nonzero interpretation by the Fuzzy Criterion was 
an evaluation equal to a confidence greater than 0% (i.e., confidences 
equal to 25%, 50%, 75%, or 100%). A nonzero interpretation by the 
Absolute Criterion was a positive finding, i.e., the Absolute Criterion had 
an evaluation of 1 for inferior infarction. 
Two sequential (serial) electrocardiograms were evaluated by each 
criterion. The serial results from the rule criteria and the physician each 
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F I G .  6 .  R e s u l t s  f r o m  P a t i e n t  S t u d y  I .  T h e  r e s u l t s  f r o m  P a t i e n t  S t u d y  I  
a r e  s u m m a r i z e d  i n  t h e  t a b l e s  a b o v e .  A  c o m p i l e d  F u z z y  t a b l e  i s  i n c l u d e d  t o  
a i d  t h e  r e a d e r .  I n  t h i s  c o m p i l e d  t a b l e ,  a n y  c o n f i d e n c e  g r e a t e r  t h a n  0 %  w a s  
c o n s i d e r e d  a  " y e s . "  O t h e r w i s e  i t  w a s  c o n s i d e r e d  a  " n o . "  
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P a t i e n t  S t u d y  I  h a d  t h e  p o s s i b l e  i n t e r p r e t a t i o n a l  p a t t e r n s :  z e r o - t o - z e r o ,  
z e r o - t o - n o n z e r o ,  n o n z e r o - t o - n o n z e r o ,  a n d  n o n z e r o - t o - z e r o .  I f  a n  
i n t e r p r e t a t i o n  d i d  n o t  i n d i c a t e  i n f e r i o r  i n f a r c t i o n  f o r  o n e  s e t  o f  d a t a  a n d  t h i s  
i n t e r p r e t a t i o n  d i d  n o t  c h a n g e  w i t h  t h e  n e x t  s e t  o f  t i m e  s e q u e n t i a l  d a t a  f o r  
t h e  p a t i e n t ,  t h e n  t h i s  w a s  a  z e r o - t o - z e r o  s e r i a l  i n t e r p r e t a t i o n a l  p a t t e r n .  I f  
t h e r e  w a s  n o  c h a n g e  i n  a  n o n z e r o  i n t e r p r e t a t i o n  f r o m  o n e  d a t a  s e t  t o  
a n o t h e r ,  t h e n  t h i s  w a s  a  n o n z e r o - t o - n o n z e r o  p a t t e r n .  I f  t h e  i n t e p r e t a t i o n  
f o r  a  p a r t i c u l a r  d a t a  s e t  w a s  i n d i c a t i v e  o f  i n f e r i o r  i n f a r c t i o n  a n d  t h e  n e x t  
t i m e  s e q u e n t i a l  d a t a  s e t  w a s  n o t  i n d i c a t i v e  i n f e r i o r  i n f a r c t i o n ,  t h e n  t h i s  
w a s  a  n o n z e r o - t o - z e r o  p a t t e r n .  I f  t h e  i n t e r p r e t a t i o n  f o r  a  d a t a  s e t  w a s  n o  
i n d i c a t i o n  o f  i n f e r i o r  i n f a r c t i o n  a n d  t h e  n e x t  s e t  d a t a  w a s  i n t e r p r e t e d  a s  
i n d i c a t i v e  o f  i n f e r i o r  i n f a r c t i o n ,  t h e n  t h i s  w a s  a  z e r o - t o - n o n z e r o  p a t t e r n .  
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f o r m e d  t h e  f o l l o w i n g  s e r i a l  i n t e r p r e t a t i o n a l  p a t t e r n s .  F o r  t h e  P h y s i c i a n s '  
C r i t e r i a  a n d  A b s o l u t e  C r i t e r i o n ,  t h e s e  p a t t e r n s  w e r e :  n o  i n f e r i o r  i n f a r c t i o n  
t o  n o  i n f e r i o r  i n f a r c t i o n  ( a  z e r o  t o  z e r o  p a t t e r n ) ,  y e s  i n f e r i o r  i n f a r c t i o n  t o  y e s  
i n f e r i o r  i n f a r c t i o n  ( a  p o s i t i v e  t o  p o s i t i v e  p a t t e r n ) ,  y e s  i n f e r i o r  i n f a r c t i o n  t o  
n o  i n f e r i o r  i n f a r c t i o n  ( a  p o s i t i v e  t o  z e r o  p a t t e r n ) ,  a n d  n o  i n f e r i o r  i n f a r c t i o n  
t o  y e s  i n f e r i o r  i n f a r c t i o n  ( a  z e r o  t o  a  p o s i t i v e  p a t t e r n ) .  I n  a  s i m i l a r  
m a n n e r ,  t h e  F u z z y  C r i t e r i o n  s e r i a l  i n t e r p r e t a t i o n a l  p a t t e r n s  w e r e  f o r m e d .  
H o w e v e r ,  t h e y  c o n s i s t e d  o f  a  c o n f i d e n c e  v a l u e  t o  a  c o n f i d e n c e  v a l u e ,  e . g . ,  a  
2 5 %  t o  2 5 % ,  o r  a  0 %  t o  a  7 5 %  p a t t e r n .  T h e s e  p a t t e r n s  w e r e  t h e n  g r o u p e d  
i n t o :  p o s i t i v e  t o  p o s i t i v e  ( g r e a t e r  t h a n  0 %  t o  g r e a t e r  t h a n  0 %  p a t t e r n s ) ,  z e r o  
t o  z e r o  ( 0 %  t o  0 %  p a t t e r n s ) ,  p o s i t i v e  t o  z e r o  ( g r e a t e r  t h a n  0 %  t o  0 %  p a t t e r n s ) ,  
a n d  z e r o  t o  p o s i t i v e  ( 0 %  t o  g r e a t e r  t h a n  0 %  p a t t e r n s )  t o  f a c i l i t a t e  
c o m p a r i s o n  t o  t h e  A b s o l u t e  C r i t e r i o n  a n d  P h y s i c i a n s '  C r i t e r i a  r e s u l t s .  
T h i s  s t u d y  w a s  n o t  u n d e r t a k e n  t o  d e t e r m i n e  t h e  a b s o l u t e  t r u t h  f o r  t h e  
i n t e r p r e t a t i o n s  b y  t h e  c r i t e r i a .  I n s t e a d ,  t h i s  s t u d y  w a s  a n  a t t e m p t  t o  
e x a m i n e  t h e  i n t e r p r e t a t i o n a l  b e h a v i o r ,  a n d  c o n s i s t e n c y  ( s t a b i l i t y )  i n  t h e  
i n t e r p r e t a t i o n  o f  s e r i a l  e l e c t r o c a r d i o g r a p h i c  r e c o r d s  b y  t h e  F u z z y  C r i t e r i o n  
i n  r e l a t i o n  t o  t h e  o t h e r  c r i t e r i a .  T h e  r e s u l t s  f r o m  t h e  P h y s i c i a n s '  C r i t e r i a  
w e r e  e m p l o y e d  a s  a  r e l a t i v e  m e t r i c  f o r  t h e  c o m p a r i s o n s  i n  b e h a v i o r  
b e t w e e n  t h e  A b s o l u t e  a n d  F u z z y  C r i t e r i a .  T h e  p h y s i c i a n s '  i n t e r p r e t a t i o n s  
a l s o  s e r v e d  a s  t h e  b a s i s  t o  c o m p a r e  t h e  c o n s i s t e n c y  o f  t h e  c r i t e r i a  i n  
r e l a t i o n  t o  t h e  p r e s e n c e  o f  n o i s e  i n  t h e  e l e c t r o c a r d i o g r a p h i c  d a t a .  S o m e  
p r e p r o c e s s i n g / f i l t e r i n g  a n d  a n a l y s i s  o c c u r r e d  w i t h  t h e  d a t a  f o r  f e a t u r e  
e x t r a c t i o n  ( s u c h  a s  m a g n i t u d e s ,  a n d  T - w a v e  c h a r a c t e r )  b e f o r e  t h e  d a t a  h a d  
b e e n  e n t e r e d  i n t o  t h e  r e c o r d  b y  t h e  a u t o m a t e d  e l e c t r o c a r d i o g r a p h i c  
a l g o r i t h m s  o r  p o s s i b l e  m a n u a l  p r o c e s s e s .  E v e n  t h o u g h  t h e s e  p r o c e s s e s  
s h o u l d  r e d u c e  t h e  n o i s e  i n  t h e  e l e c t r o c a r d i o g r a p h i c  d a t a ,  i t  i s  p o s s i b l e  t h a t  
t h i s  w a s  n o t  d o n e  i n  e v e r y  c a s e .  I f  t h e  d a t a  a n a l y s i s  p a c k a g e  r e c o r d e d  
m a g n i t u d e s  w h i c h  d i d  n o t  r e f l e c t  t h e  a c t u a l  e l e c t r o c a r d i o g r a p h i c  e v e n t ,  
t h e n  t h e  c r i t e r i a  c o u l d  m a k e  i n c o r r e c t  i n t e r p r e t a t i o n s .  T h e  A b s o l u t e  
C r i t e r i o n  a n d  t h e  F u z z y  C r i t e r i o n  r e s u l t s  c o u l d  i n  s o m e  c i r c u m s t a n c e s  
h a v e  i n c r e a s e d  t h e  u n c e r t a i n t y  a n d  m a d e  c l a s s i f i c a t i o n  e r r o r s  f o r  t h e  
p r e s e n c e  o f  i n f e r i o r  i n f a r c t i o n .  T h i s  c o u l d  l e a d  t o  i n c o n s i s t e n c i e s  i n  t h e  
s e r i a l  i n t e r p r e t a t i o n a l  p a t t e r n s .  T h e  c r i t e r i a  o n l y  a n a l y z e d  o n e  s e t  o f  d a t a  
p e r  t i m e  p e r i o d .  D a t a  t h a t  w e r e  c o l l e c t e d  o v e r  t h i s  t i m e  p e r i o d  w e r e  
c o m p i l e d  i n t o  t h e  r e c o r d e d  m a g n i t u d e s  o f  e a c h  e l e c t r o c a r d i o g r a p h i c  r e c o r d  
b y  t h e  e l e c t r o c a r d i o g r a p h i c  f e a t u r e  e x t r a c t i o n  a l g o r i t h m s .  S i g n i f i c a n c e  o f  
f e a t u r e s  o r  p a t t e r n s  i s  n o t  a n  i s s u e  i n  s u c h  d a t a  c o l l e c t i o n  m e t h o d s .  T h e  
p h y s i c i a n ,  o n  t h e  o t h e r  h a n d ,  c o u l d  v i e w  t h e  c o m p l e t e  e l e c t r o c a r d i o g r a m ,  
a n d  c h o o s e  t h e  s i g n i f i c a n t  p a t t e r n s .  T h e  p h y s i c i a n  c o u l d  t h e n  b a s e  
i n t e r p r e t a t i o n s  o n  t h e  p a t t e r n s  h e  o r  s h e  c h o s e .  
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I n t e r e s t i n g  p o s s i b i l i t i e s  a r e  s u g g e s t e d  b y  t h e  r e s u l t s .  F o r  e x a m p l e ,  t h e  
A b s o l u t e  C r i t e r i o n  e x h i b i t e d  a  m o r e  c o n s e r v a t i v e  i n t e r p r e t a t i o n a l  p a t t e r n  
t h a n  t h e  F u z z y  C r i t e r i o n  a s  s u g g e s t e d  b y  t h e  z e r o  t o  z e r o  i n t e r p r e t a t i o n a l  
p a t t e r n s .  T h e  A b s o l u t e  C r i t e r i o n  h a d  a  g r e a t e r  n u m b e r  o f  z e r o  t o  z e r o  
p a t t e r n s  ( i m p l y i n g  a  r e s i s t a n c e  t o  c h a n g e  a  p r e v i o u s  z e r o  i n t e r p r e t a t i o n  t o  
o n e  t h a t  i s  n o n z e r o  w i t h  n e w  i n f o r m a t i o n  t h a t  m a y  b e  m o r e  i n d i c a t i v e  o f  a n  
i n f e r i o r  i n f a r c t i o n )  w h e r e a s  t h e  t a l l y  f o r  t h e  F u z z y  C r i t e r i o n  w a s  n o t  
s u b s t a n t i a l l y  l e s s  t h a n  t h e  P h y s i c i a n s '  C r i t e r i a :  3 0 2  f o r  t h e  A b s o l u t e  
C r i t e r i o n ,  2 4 1  f o r  t h e  P h y s i c i a n s '  C r i t e r i a ,  a n d  2 3 8  f o r  t h e  F u z z y  C r i t e r i o n .  
W h e n  t h e  p a t t e r n s  a r e  p o s i t i v e  t o  p o s i t i v e ,  t h e  F u z z y  C r i t e r i o n  a g a i n  m o r e  
c l o s e l y  a p p r o x i m a t e d  t h e  P h y s i c i a n s '  C r i t e r i a  a n d  t h e  A b s o l u t e  C r i t e r i o n  
a p p e a r e d ,  a s  i n  t h e  p r e v i o u s  r e s u l t ,  t o  b e  m o r e  c o n s e r v a t i v e ,  a s  w e l l  a s  l e s s  
s t a b l e ,  t h a n  e i t h e r  o f  t h e  o t h e r  t w o  c r i t e r i a :  2 3  f o r  t h e  A b s o l u t e  C r i t e r i o n ,  9 0  
f o r  t h e  P h y s i c i a n s '  C r i t e r i a ,  a n d  7 5  f o r  t h e  F u z z y  C r i t e r i o n .  T h e  
r e m a i n i n g  r e s u l t s  s u g g e s t  t h a t  t h e  F u z z y  C r i t e r i o n  m a y  b e  m o r e  
a g g r e s s i v e  a n d  p r o n e  t o  i n c o n s i s t e n t  b e h a v i o r  f o r  t h e  r e m a i n i n g  
i n t e r p r e t a t i o n a l  p a t t e r n s .  F o r  e x a m p l e  n e i t h e r  t h e  F u z z y  o r  t h e  A b s o l u t e  
C r i t e r i a  r e s e m b l e  t h e  p a t t e r n  o f  t h e  P h y s i c i a n s '  C r i t e r i a  f o r  t h e  z e r o  t o  
n o n z e r o  p a t t e r n s .  E a c h  a p p e a r s  m o r e  p r o n e  t o  c h a n g e  a n  i n t e r p r e t a t i o n  
f r o m  z e r o  t o  n o n z e r o  t h a n  t h e  P h y s i c i a n s '  C r i t e r i a ,  w i t h  t h e  F u z z y  
C r i t e r i o n  s l i g h t l y  m o r e  s o :  2 7  f o r  t h e  A b s o l u t e  C r i t e r i o n ,  1 9  f o r  t h e  
P h y s i c i a n s '  C r i t e r i a ,  a n d  3 0  f o r  t h e  F u z z y  C r i t e r i o n .  T h e  r e m a i n i n g  
p a t t e r n ,  n o n z e r o  t o  z e r o  p a t t e r n s ,  a g a i n  s u g g e s t s  t h a t  t h e  F u z z y  C r i t e r i o n  
i s  n o t  a s  s t a b l e  a s  t h e  A b s o l u t e  C r i t e r i o n  u n d e r  t h e s e  c i r c u m s t a n c e s  s i n c e  
i t  t e n d s  t o  c h a n g e  i t s  o r i g i n a l  i n t e r p r e t a t i o n  m o r e  o f t e n  t h a n  t h e  o t h e r  
c r i t e r i a .  Y e t  t h e  r a n g e  f o r  t h i s  p a r t i c u l a r  p a t t e r n  i s  t h e  l e a s t  a m o n g  t h e  
f o u r ,  a n d  t h e  P h y s i c i a n s '  C r i t e r i a  a r e  b e t w e e n  e i t h e r  o f  t h e  o t h e r  c r i t e r i a ,  
w h i c h  t o g e t h e r  m a y  i n d i c a t e  a  m o r e  s t a b l e  s t a t u s  f o r  t h e  F u z z y  a n d  
A b s o l u t e  C r i t e r i a  t h a n  t h e  d i f f e r e n c e s  b e t w e e n  t h e  r e s u l t s  i n d i c a t e :  2 2  f o r  
t h e  A b s o l u t e  C r i t e r i o n ,  2 4  f o r  t h e  P h y s i c i a n s '  C r i t e r i a ,  a n d  3 1  f o r  t h e  F u z z y  
C r i t e r i o n .  
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3 . 2  R e s u l t s  f r o m  t h e  S i m u l a t i o n  S t u d y  
F i g u r e s  7 ,  8 ,  a n d  9  c o m p a r e  t h e  e f f e c t  o f  n o i s e  o n  t h e  i n t e r p r e t a t i v e  
b e h a v i o r  f o r  e a c h  c r i t e r i o n .  T h e  g a i n  o f  t h e  F u z z y  C r i t e r i o n  w a s  e q u a l  t o  o n e  
i n  e a c h  f i g u r e  o f  t h i s  g r o u p .  T h e  v e r t i c a l  a x i s  r e p r e s e n t s  t h e  a v e r a g e  
n u m b e r  o f  p o s i t i v e  i n t e r p r e t a t i o n s  f o r  e a c h  s i m u l a t i o n  a n d  t h e  h o r i z o n t a l  
a x i s  r e p r e s e n t s  t h e  m e a n s  ( i . e . ,  t h e  v a r i a b l e  " C L m e a n _ m a g n i t u d e "  i n  t h e  
a f o r e m e n t i o n e d  e q u a t i o n )  f o r  t h e  d i s t r i b u t i o n s  o f  t h e  Q - w a v e s  i n  e a c h  
s i m u l a  t i o n .  
W h e n  t h e  n o i s e  ( F i g u r e  7 )  w a s  r e p r e s e n t e d  b y  a  s t a n d a r d  d e v i a t i o n  o f  5 0  
m i c r o v o l t s  i n  t h e  d i s t r i b u t i o n s  o f  t h e  Q - a n d  R - w a v e s ,  t h e r e  a p p e a r s  t o  b e  
l i t t l e ,  i f  a n y ,  o v e r a l l  d i s s i m i l a r i t y  i n  t h e  i n t e r p r e t a t i v e  p r o f i l e s  o f  t h e  F u z z y  
a n d  R e l a x e d  C r i t e r i a .  T h i s  w a s  c o n s i d e r e d  t o  b e  a  n o r m a l  l e v e l  o f  n o i s e  i n  
t h i s  s i m u l a t i o n  s t u d y .  H o w e v e r ,  t h e  A b s o l u t e  C r i t e r i o n  p r o f i l e  s u g g e s t s  t h a t  
i n  t h o s e  s i m u l a t i o n s  w h e r e  t h e  v a l u e s  o f  t h e  Q - w a v e s  a r e  i n  t h e  r e g i o n  o f  
- 2 5 0  m i c r o v o l t s ,  t h e r e  i s  a  t e n d e n c y  f o r  t h i s  p a r t i c u l a r  c r i t e r i o n  t o  r e f l e c t  
m o r e  i n t e r p r e t a t i o n s  t h a t  a r e  n e g a t i v e s  ( p o s s i b l y  m o r e  f a l s e  n e g a t i v e s )  a s  
c o m p a r e d  t o  t h e  p r o f i l e s  o f  t h e  F u z z y  a n d  R e l a x e d  C r i t e r i a .  O n  t h e  o t h e r  
h a n d ,  n e a r  t h e  r e g i o n s  o f  - 1 0 0  o r  - 5 0  m i c r o v o l t s ,  t h e  F u z z y  a n d  R e l a x e d  
C r i t e r i a  t e n d  t o  r e f l e c t  a  g r e a t e r  n u m b e r  o f  p o s i t i v e  i n t e r p r e t a t i o n s  ( p e r h a p s  
a  g r e a t e r  n u m b e r  o f  f a l s e  p o s i t i v e s )  a s  c o m p a r e d  t o  t h e  p r o f i l e  o f  t h e  
A b s o l u t e  C r i t e r i o n .  N o i s e  i n  t h e  e l e c t r o c a r d i o g r a m ,  i m p r e c i s i o n  i n  h o w  t h e  
m a g n i t u d e s  a r e  m e a s u r e d  b y  t h e  c o m p u t e r  a l g o r i t h m ,  p a t i e n t  v a r i a b i l i t y ,  o r  
o t h e r  s o u r c e s  o f  n o i s e  c o u l d  c o n t r i b u t e  t o  t h e s e  t y p e s  o f  r e s u l t s  w h e n  d a t a  
f r o m  c l i n i c a l  e l e c t r o c a r d i o g r a m s  a r e  a n a l y z e d  b y  t h e  c r i t e r i a .  
F u z z y  C r i t e r i o n  
A b s o l u t e  C r i t e r i o n  
O+-------~-------y------~~------~----~~==----_f 
· 2 5 0  
· a J O  e l 5 0  · 1 0 0  
Q - w a v e  m e a n s  ( m i c r o v o l t s )  
F I G .  7 .  P o s i t i v e  I n t e r p r e t a t i o n a l  B e h a v i o r  o f  t h e  C r i t e r i a ,  N o i s e  =  5 0  
m i c r o v o l t s .  T h i s  a m o u n t  o f  s i m u l a t e d  n o i s e  w a s  c o n s i d e r e d  n o r m a l .  
G a i n  =  1 . 0 0 .  
5 2  
O+-------~------~------_P------~==----_4------_4 
· 2 5 0  
· r o o  
o  
Q - w a v e  M e a n s  ( m i c r o v o l t s )  
F I G .  8 .  P o s i t i v e  I n t e r p r e t a t i o n a l  B e h a v i o r  o f  t h e  C r i t e r i a ,  N o i s e  =  1 0  
m i c r o v o l t s .  T h i s  a m o u n t  o f  s i m u l a t e d  n o i s e  w a s  c o n s i d e r e d  t o  h a v e  b e e n  
1 / 5  t h e  n o r m a l  l e v e l .  G a i n  =  1 . 0 0 .  
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Q - w a v e  M e a n s  ( m i c r o v o l t s )  
F I G .  9 .  P o s i t i v e  I n t e r p r e t a t i o n a l  B e h a v i o r  o f  t h e  C r i t e r i a ,  N o i s e  =  2 0 0  
m i c r o v o l t s .  T h i s  a m o u n t  o f  s i m u l a t e d  n o i s e  w a s  c o n s i d e r e d  t o  h a v e  b e e n  
f o u r  t i m e s  g r e a t e r  t h a n  t h e  n o r m a l  l e v e l .  G a i n  =  1 . 0 0 .  
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W h e n  t h e  n o i s e  l e v e l  (  F i g u r e  8  )  w a s  r e p r e s e n t e d  b y  a  s t a n d a r d  
d e v i a t i o n  o f  1 0  m i c r o v o l t s  (  w h i c h  w a s  c o n s i d e r e d  t o  b e  a  l o w  l e v e l  o f  n o i s e  
i n  t h i s  s i m u l a t i o n  s t u d y )  i n  t h e  d i s t r i b u t i o n s  o f  t h e  Q - a n d  R - w a v e s ,  
t h e r e a g a i n  a p p e a r s  t o  b e  l i t t l e ,  i f  a n y ,  d i s s i m i l a r i t y  b e t w e e n  t h e  p r o f i l e s  o f  
t h e  F u z z y  a n d  R e l a x e d  C r i t e r i a .  D u e  t o  t h e  l o w  l e v e l  o f  n o i s e  ( i . e . ,  " t i g h t e r "  
d i s t r i b u t i o n s  o f  t h e  Q - a n d  R - w a v e s  a b o u t  t h e i r  m e a n s )  a n d  t h e  i n h e r e n t  
r e l a x a t i o n  o f  t h e  b o u n d a r i e s  i n  t h e  R e l a x e d  C r i t e r i o n ,  s p e c i f i c a l l y  t h e  t h i r d  
c l a u s e  ( i f Q - w a v e  i s  l e s s  t h a n  o r  e q u a l  t o  - 1 5 0  m i c r o v o l t s  t h e n  i n f e r i o r  
i n f a r c t i o n  ) ,  t h e  R e l a x e d  C r i t e r i o n  i n t e r p r e t s  a l l  w a v e - t r i p l e t s  f r o m  
d i s t r i b u t i o n s  o f Q - w a v e s  w i t h  m e a n s  l e s s  t h a n  o r  e q u a l  t o  - 2 0 0  m i c r o v o l t s  a s  
y e s  i n t e r p r e t a t i o n s  f o r  i n f e r i o r  i n f a r c t i o n  (  p o s i t i v e  i n t e r p r e t a t i o n s  ) .  
L i k e w i s e ,  d u e  t o  t h e  t i g h t e r  d i s t r i b u t i o n s  o f  t h e  s i m u l a t e d  w a v e  m a g n i t u d e s  
a n d  t h e  i n t e r p r e t a t i o n  i n t e r v a l s  (  o r  f u z z y  s u b s e t s )  o f  t h e  F u z z y  C r i t e r i o n ,  
e s p e c i a l l y  t h e  t h i r d  c l a u s e  ( c o n f i d e n c e  o f  i n f e r i o r  i n f a r c t i o n  i s  2 5 %  o r  
g r e a t e r  i f  t h e  Q - w a v e  i s  l e s s  t h a n  o r  e q u a l  t o  - 1 0 0  m i c r o v o l t s ) ,  t h e  F u z z y  
C r i t e r i o n ' s  i n t e r p r e t a t i o n s  a r e  p o s i t i v e  ( y e s  i n t e r p r e t a t i o n  f o r  i n f e r i o r  
i n f a r c t i o n )  f o r  a l l  w a v e - t r i p l e t s  f r o m  d i s t r i b u t i o n s  o f Q - w a v e s  w i t h  m e a n s  
l e s s  t h a n  o r  e q u a l  t o  - 1 5 0  m i c r o v o l t s .  S o  t h e  R e l a x e d  C r i t e r i o n  h a s  e x t e n d e d  
i t s  " a l l  p o s i t i v e "  i n t e r p r e t a t i o n s  t o  Q - w a v e s  d i s t r i b u t e d  a b o u t  m e a n s  l e s s  
t h a n  o r  e q u a l  t o  - 2 0 0  m i c r o v o l t s  a n d  t h e  F u z z y  C r i t e r i o n  h a s  e x t e n d e d  i t s  
" a l l  p o s i t i v e "  i n t e r p r e t a t i o n s  t o  Q - w a v e s  d i s t r i b u t e d  a b o u t  m e a n s  l e s s  t h a n  
o r  e q u a l  t o  - 1 5 0  m i c r o v o l t s  c o m p a r e d  t o  t h e  r a n g e s  e s t a b l i s h e d  i n  t h e  
p r o f i l e s  w i t h  t h e  n o i s e  l e v e l  a t  5 0  m i c r o v o l t s .  T h e  A b s o l u t e  C r i t e r i o n ' s  
i n t e r p r e t a t i o n s  i n  t h e  Q - w a v e  r e g i o n  o f  - 2 5 0  m i c r o v o l t s  r e f l e c t  a  s l i g h t l y  l e s s  
c o n s e r v a t i v e  i n t e r p r e t a t i v e  b e h a v i o r  w i t h  t h i s  l o w e r  l e v e l  o f  n o i s e  t h a n  
w h e n  t h e  l e v e l  o f  n o i s e  w a s  e q u a l  t o  5 0  m i c r o v o l t s  ( F i g u r e  7 ) .  O n  t h e  o t h e r  
h a n d ,  s i n c e  t h e  F u z z y  a n d  R e l a x e d  C r i t e r i a  h a v e  e x t e n d e d  t h e i r  r e s p e c t i v e  
" a l l  p o s i t i v e "  Q - w a v e  i n t e r p r e t a t i o n  r a n g e s ,  t h e  t w o  c r i t e r i a  r e f l e c t  a  m o r e  
a g g r e s s i v e  i n t e r p r e t a t i v e  b e h a v i o r  t h a n  t h e  b e h a v i o r  e x p l i c a t e d  w i t h  t h e  
l e v e l  o f  n o i s e  c o n s i d e r e d  t o  b e  n o r m a l ,  y e t  h i g h e r  t h a n  t h e  1 0  m i c r o v o l t s  i n  
t h i s  s i m u l a t i o n .  
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W h e n  t h e  n o i s e  l e v e l  w a s  i n c r e a s e d  t o  a  s t a n d a r d  d e v i a t i o n  o f  2 0 0  
m i c r o v o l t s  ( F i g u r e  9 ) ,  w h i c h  w a s  c o n s i d e r e d  t o  b e  a  h i g h  l e v e l  o f  n o i s e  i n  
t h i s  s i m u l a t i o n  s t u d y ,  t h e  d i s t r i b u t i o n s  f o r  t h e  m a g n i t u d e s  o f  t h e  Q N  a n d  
R - w a v e s  b e c a m e  m o r e  w i d e l y  d i s p e r s e d  a b o u t  t h e i r  m e a n s  u s e d  i n  t h i s  
s t u d y .  T h e  F u z z y  a n d  R e l a x e d  C r i t e r i a  a p p e a r  t o  h a v e  s i m i l a r  p r o f i l e s  a n d  
t h e  " a l l  p o s i t i v e "  i n t e r p r e t a t i v e  b e h a v i o r  h a s  v a n i s h e d  f r o m  t h e  p r o f i l e s  o f  
t h e s e  t w o  c r i t e r i a .  T h i s  s p r e a d  i n  t h e  d i s t r i b u t i o n s  o f  t h e  m a g n i t u d e s  w a s  
c a u s e d  b y  t h e  h i g h e r  l e v e l  o f  n o i s e ;  2 0 0  m i c r o v o l t s  i n  t h i s  c a s e .  T h e  
A b s o l u t e ,  F u z z y ,  a n d  R e l a x e d  C r i t e r i a  a l l  t e n d e d  t o  i n f e r  m o r e  o f  t h e  
s i m u l a t e d  m a g n i t u d e s  o f  t h e  Q - w a v e s  n e a r  t h e  m e a n s  o f  - 5 0  a n d  0  
m i c r o v o l t s  t h a n  i n  s i m u l a t i o n s  o f  l o w e r  n o i s e  a s  r e p r e s e n t i n g  i n f e r i o r  
i n f a r c t i o n s .  E a c h  c r i t e r i a  a t  t h i s  e n d  o f  t h e  Q - s p e c t r u m  t e n d e d  t o  b e  l e s s  
c o n s e r v a t i v e ,  i . e . ,  t h e  F u z z y  a n d  R e l a x e d  C r i t e r i o n  t e n d e d  t o  b e  m o r e  
a g g r e s s i v e  i n  t h e i r  i n t e r p r e t a t i o n a l  b e h a v i o r s ,  w h i l e  a t  t h e  o p p o s i t e  
e x t r e m e ,  a l l  t h r e e  c r i t e r i a  t e n d e d  t o  b e  m o r e  c o n s e r v a t i v e ,  w h i c h  i s  
r e f l e c t e d  i n  t h e i r  a v e r a g e  n u m b e r  o f  p o s i t i v e  i n t e r p r e t a t i o n s .  T h e  A b s o l u t e  
a p p e a r s  t o  b e  t h e  m o s t  c o n s e r v a t i v e .  
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H o w e v e r ,  w h e n  t h e  d i s t r i b u t i o n s  f o r  t h e  m a g n i t u d e s  o f  t h e  Q - w a v e s  
w e r e  c e n t e r e d  a r o u n d  m e a n s  o f  - 2 5 0  m i c r o v o l t s  o r  l e s s ,  t h e  A b s o l u t e  
C r i t e r i o n  t e n d s  t o  i n t e r p r e t  t h e s e  m a g n i t u d e s  a s  n o t  r e p r e s e n t i n g  i n f e r i o r  
i n f a r c t i o n s ,  w h e r e a s  t h e  F u z z y  a n d  R e l a x e d  C r i t e r i a  d o ,  w h e n  c o m p a r e d  t o  
t h e  r e s u l t s  o f  t h o s e  s i m u l a t i o n s  w h e r e  t h e  n o i s e  w a s  r e p r e s e n t e d  b y  5 0  a n d  
1 0  m i c r o v o l t s  s t a n d a r d  d e v i a t i o n s  i n  t h e  d i s t r i b u t i o n s  f o r  t h e  m a g n i t u d e s  o f  
t h e  Q - a n d  R - w a v e s  a b o u t  t h e i r  m e a n s .  E v e n  s o ,  t h e  A b s o l u t e  C r i t e r i o n  i n  
t h i s  r e g i o n  t e n d s  t o  i n t e r p r e t  a  g r e a t e r  n u m b e r  o f  n e g a t i v e s ,  w h e r e a s  t h e  
F u z z y  a n d  R e l a x e d  C r i t e r i a ' s  i n t e r p r e t a t i o n s  t e n d  t o  r e f l e c t  a  g r e a t e r  
n u m b e r  o f  p o s i t i v e s ,  w h e n  t h e  n o i s e  l e v e l  i s  i n c r e a s e d  t o  t h e  l e v e l  o f  2 0 0  
m i c r o v o l t s .  
F i g u r e s  1 0 ,  1 1 ,  a n d  1 2  r e p r e s e n t  h o w  n o i s e  a f f e c t s  (  o r  i n t e r f e r e s  w i t h )  
t h e  c o n s i s t e n c y  o f  t h e  i n t e r p r e t a t i o n s  f o r  i n f e r i o r  i n f a r c t i o n  i n  e a c h  
c r i t e r i a .  T h e  h o r i z o n t a l  a x i s  r e p r e s e n t s  t h e  m e a n s  o f  t h e  n o n n a l  
d i s t r i b u t i o n s  f o r  t h e  m a g n i t u d e s  o f  t h e  Q - w a v e s  i n  e a c h  s i m u l a t i o n .  T h e  
v e r t i c a l  a x i s  r e p r e s e n t s  t h e  s t a n d a r d  d e v i a t i o n s  f o r  t h e  n u m b e r  o f  p o s i t i v e  
i n t e r p r e t a t i o n s  f o r  t h e  c r i t e r i a  i n  e a c h  s i m u l a t i o n ,  L e . ,  t h e  s t a n d a r d  
d e v i a t i o n s  i n  t h e  a v e r a g e  n u m b e r  o f  p o s i t i v e  i n t e r p r e t a t i o n s  f o r  e a c h  
R - w a v e  s i m u l a t i o n  w h i c h  w e r e  d e t e r m i n e d  f r o m  t h e  e n t i r e  r a n g e  o f  
p o s s i b l e  R - w a v e  m e a n s  f o r  o n e  Q - w a v e  m e a n  s i m u l a t i o n .  T h e  g a i n  o f  t h e  
F u z z y  C r i t e r i o n  i n  t h i s  g r o u p  o f  f i g u r e s  w a s  e q u a l  t o  o n e .  
F i g u r e  1 0  w a s  b a s e d  o n  s i m u l a t e d  d a t a  w i t h  a  n o i s e  l e v e l  o f  5 0  
m i c r o v o l t s .  T h e  R e l a x e d  a n d  F u z z y  C r i t e r i a  a r e  i n f l u e n c e d  t o  a  l e s s e r  
d e g r e e  i n  t h e  s p r e a d  o f  t h e  n u m b e r  o f  p o s i t i v e  i n t e r p r e t a t i o n s ,  w h i c h  i s  
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Q - w a v e  M e a n s  ( m i c r o v o l t s )  
F I G .  1 0 .  S t a b i l i t y  P r o f i l e s  o f  t h e  C r i t e r i a ,  N o i s e  =  5 0  m i c r o v o l t s .  T h i s  
w a s  c o n s i d e r e d  t o  b e  a  n o r m a l  a m o u n t  o f  n o i s e .  G a i n  =  1 . 0 0 .  
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Q - w a v e  M e a n s  ( m i c r o v o l t s )  
F I G .  1 1 .  S t a b i l i t y  P r o f i l e s  o f  t h e  C r i t e r i a ,  N o i s e  =  1 0  m i c r o v o l t s .  T h i s  w a s  
c o n s i d e r e d  t o  b e  1 / 5  t h e  n o r m a l  a m o u n t  o f  n o i s e .  G a i n  =  1 . 0 0 .  
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Q - w a v e  M e a n s  ( m i c r o v o l t s )  
F I G .  1 2 .  S t a b i l i t y  P r o f i l e s  o f  t h e  C r i t e r i a ,  N o i s e  =  2 0 0  m i c r o v o l t s .  T h i s  
w a s  c o n s i d e r e d  t o  b e  f o u r  t i m e s  t h e  n o n n a l  a m o u n t  o f  n o i s e .  G a i n  =  1 . 0 0 .  
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r e f l e c t e d  i n  t h e  s m a l l e r  s t a n d a r d  d e v i a t i o n s  o v e r  t h e  Q - w a v e  r a n g e  o f  - 3 0 0  t o  
- 1 0 0  m i c r o v o l t s ,  t h a n  t h e  A b s o l u t e  C r i t e r i o n .  H o w e v e r ,  t h e  c l a u s e s  w h i c h  
p l a c e  r e s t r i c t i o n s  ( c l a u s e  t w o :  i f  Q - w a v e  m a g n i t u d e  i s  l e s s  t h a n  - 0 . 2 5  = I e  
R - w a v e  m a g n i t u d e ;  a n d  c l a u s e  t h r e e :  R - w a v e  m a g n i t u d e  g r e a t e r  t h a n  o r  
e q u a l  t o  4 0 0  m i c r o v o l t s )  o n  t h e  R - w a v e  a n d  c o m p a r e  i t  t o  t h e  Q - w a v e  
m a g n i t u d e  a r e  r e s p o n s i b l e  i n  l a r g e  p a r t  f o r  t h e  i n c o n s i s t e n c y  o r  i n s t a b i l i t y  
i n  t h e  i n t e r p r e t a t i o n s  i n  t h e  Q - w a v e  r e g i o n  o f  - 3 0 0  t o  a b o u t  - 5 0  m i c r o v o l t s .  A  
g r e a t e r  s t a n d a r d  d e v i a t i o n  f o r  a  p a r t i c u l a r  Q - w a v e  m e a n  i m p l i e s  a  g r e a t e r  
i n c o n s i s t e n c y  o r  i n s t a b i l i t y  a t  t h e  c r i t e r i o n ' s  i n t e r p r e t a t i v e  b e h a v i o r .  A  
s m a l l e r  d e v i a t i o n  m a y  i m p l y  t h a t  t h e  c r i t e r i o n  i s  l e s s  i n f l u e n c e d  b y  n o i s e .  
F o r  e x a m p l e ,  t h e  l a r g e r  s t a n d a r d  d e v i a t i o n s  f o r  t h e  A b s o l u t e  C r i t e r i o n  i n  
t h e  - 2 5 0  m i c r o v o l t  r a n g e  o f  t h e  Q - w a v e  r e f l e c t  t h e  i n c o n s i s t e n c y  o r  a  l a r g e r  
v a r i a t i o n  i n  t h e  n u m b e r  o f  n e g a t i v e  o r  p o s i t i v e  i n t e r p r e t a t i o n s  i n  a  
p a r t i c u l a r  s i m u l a t i o n  s e t .  F r o m  t h e  f i g u r e  i t  i s  e v i d e n t  t h a t  t h e  F u z z y  a n d  
R e l a x e d  C r i t e r i a  a r e  l e s s  p r o n e  t o  i n t e r p r e t a t i o n a l  i n s t a b i l i t y  i n  t h i s  r e g i o n  
o f  t h e  Q - w a v e  ( b r o u g h t  a b o u t  b y  n o i s e  a n d  t h e  R - w a v e  c l a u s e s ) ,  w i t h  t h i s  
l e v e l  o f  n o i s e ,  b e c a u s e  o f  t h e i r  l o w e r  Q - w a v e  t h r e s h o l d s  ( a s  i n  t h e  c a s e  o f  
t h e  R e l a x e d  C r i t e r i o n )  o r  u s e  o f  F u z z y  s u b s e t s  o r  i n t e r p r e t a t i v e  i n t e r v a l s  
a n d  t h e  M A X I M I N  r u l e  o f  c o m p o s i t i o n  ( a s  i n  c a s e  o f  t h e  F u z z y  C r i t e r i o n ) .  
I n  F i g u r e  1 1 ,  t h e  n o i s e  l e v e l  h a s  b e e n  r e d u c e d  t o  1 0  m i c r o v o l t s .  T h e  
i n c o n s i s t e n c y  i n  t h e  n u m b e r  o f  p o s i t i v e  i n t e r p r e t a t i o n s  f o r  i n f e r i o r  
i n f a r c t i o n  h a s  i n c r e a s e d  f o r  a l l  t h r e e  c r i t e r i a ,  w i t h  t h e  A b s o l u t e  C r i t e r i o n  
e x h i b i t i n g  t h e  l a r g e s t  s t a n d a r d  d e v i a t i o n  i n  t h e  - 2 5 0  t o  - 1 5 0  m i c r o v o l t s  
r a n g e .  A s  i n  s h o w n  i n  A p p e n d i x  A  ,  t h e  " Q - w a v e  l e s s  t h a n  - 0 . 2 5  = I e  R - w a v e  
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a n d  R - w a v e  g r e a t e r  t h a n  o r  e q u a l  t o  4 0 0  m i c r o v o l t s "  c l a u s e s  a r e  r e s p o n s i b l e  
f o r  t h i s  r e s u l t ,  s i n c e  t h e  Q  w a v e  l e s s  t h a n  - 2 5 0  c l a u s e  d i d  n o t  i n f l u e n c e  t h e  
r e s u l t  o f  t h e  f i n a l  i n t e r p r e t a t i o n s .  T h e  r i s e  i n  t h e  s t a n d a r d  d e v i a t i o n s  o f  t h e  
R e l a x e d  C r i t e r i o n  i n  t h e  - 1 5 0  m i c r o v o l t  r e g i o n  w a s  a l s o  c a u s e d  b y  c l a u s e s  
t w o  a n d  t h r e e  ( a s  i n  t h e  A b s o l u t e  C r i t e r i o n )  a n d  c l a u s e s  f i v e  a n d  s i x  w h i c h  
r e l a t e  t h e  Q - w a v e  m a g n i t u d e  a n d  t h e  T - w a v e  c h a r a c t e r  ( a  r a n d o m l y  
e q u i p r o b a b l e  r e s u l t  b e t w e e n  n o r m a l  o r  a b n o r m a l  T - w a v e  c h a r a c t e r )  i n  t h i s  
s i m u l a t i o n  s t u d y .  T h e  F u z z y  C r i t e r i o n  a l s o  e x h i b i t s  a  r i s e  i n  i t s  
i n t e r p r e t a t i o n a l  i n c o n s i s t e n c y  i n  t h e  n u m b e r  o f  p o s i t i v e  i n t e r p r e t a t i o n s  
s i n c e  t h e r e  i s  a  l a r g e r  s t a n d a r d  d e v i a t i o n  ( s t a n d a r d  d e v i a t i o n  o f  
a p p r o x i m a t e l y  3 0 )  i n  t h e  - 1 0 0  m i c r o v o l t  r a n g e .  T h i s  i s  c a u s e d  b y  t h e  
p r e s e n c e  o f  2 5 %  c o n f i d e n c e  i n t e r p r e t a t i o n s  f o r  t h e  t h i r d  c l a u s e  i n  
c o n j u n c t i o n  w i t h  " t i g h t "  d i s t r i b u t i o n s  f o r  t h e  Q - w a v e  m a g n i t u d e s  a b o u t  
t h e i r  d i f f e r e n t  m e a n s  ( T h i s  r e s u l t s  f r o m  i n c o n s i s t e n c i e s  i n  t h e  e v a l u a t i o n s  
o f  t h e  s e c o n d  a n d  t h i r d  c l a u s e s ,  a l o n g  w i t h  R - w a v e  i n c o n s i s t e n c i e s ) .  
F i g u r e  1 2 ,  t h e  s t a n d a r d  d e v i a t i o n s  f o r  t h e  n u m b e r  o f  p o s i t i v e  
i n t e r p r e t a t i o n s  f o r  i n f e r i o r  i n f a r c t i o n  h a v e  d e c r e a s e d  t o  l e s s  t h a n  1 2  f o r  
e a c h  c r i t e r i o n .  T h e  F u z z y  a n d  R e l a x e d  C r i t e r i a  p r o f i l e s  a r e  v e r y  s i m i l a r  t o  
e a c h  o t h e r  a n d  a r e  l o w e r  o n  t h e  v e r t i c a l  s c a l e  t h a n  t h e  A b s o l u t e  C r i t e r i o n .  
T h e  A b s o l u t e  C r i t e r i o n  a c h i e v e s  i t s  v a r i a t i o n  i n  t h e  s t a n d a r d  d e v i a t i o n s  f o r  
t h e  s a m e  r e a s o n s  a s  m e n t i o n e d  i n  F i g u r e s  7  a n d  8 .  T h e  r e a s o n  t h a t  t h e  
c r i t e r i a  h a d  a  d e c r e a s e  i n  t h e i r  p r o f i l e s  o f  t h e  s t a n d a r d  d e v i a t i o n s  w a s  d u e  
t o  t h e  f a c t  t h a t  t h e  s p r e a d  o r  d i s t r i b u t i o n s  o f  t h e  Q - a n d  R - w a v e s  w a s  s o  
g r e a t  t h a t  n o  m a t t e r  w h a t  t h e  s i m u l a t e d  w a v e  m a g n i t u d e s  w e r e ,  t h e  
d i s t r i b u t i o n s  c o n t a i n e d  a  s u b s t a n t i a l  n u m b e r  o f  l a r g e  a n d  s m a l l  
m a g n i t u d e s  s o  t h a t  a t  e a c h  Q - w a v e  m e a n ,  t h e  r a t i o s  o f  t h e  n u m b e r · o f l a r g e  
t o  s m a l l  w a v e  m a g n i t u d e s ,  w e r e  c o n s i s t e n t  f o r  e a c h  s i m u l a t i o n  w i t h i n  a  
s i m u l a t i o n  s e t .  
F i g u r e s  1 3  a n d  1 4  s h o w  h o w  a l t e r i n g  t h e  g a i n  f r o m  a  g a i n  e q u a l  t o  o n e  
a f f e c t s  t h e  i n t e r p r e t a t i v e  b e h a v i o r  o f  t h e  F u z z y  C r i t e r i o n .  T h e  n o i s e  l e v e l  
f o r  e a c h  f i g u r e  w a s  5 0  m i c r o v o l t s .  T h e  g a i n  w a s  a l t e r e d  a s  i n  F i g u r e  1 3  b y  
u s i n g  v a l u e s  b e t w e e n  0  a n d  1 . 5 .  G a i n s  g r e a t e r  t h a n  1  b r o u g h t  a b o u t  a  
c o n c o m i t a n t  i n c r e a s e  i n  t h e  n u m b e r  o f  p o s i t i v e  i n t e r p r e t a t i o n s ,  a n d  t h e  
Q - w a v e  r a n g e  o v e r  w h i c h  t h e  " a l l  p o s i t i v e "  i n t e r p r e t a t i o n s  w e r e  f o u n d  
w h e n  t h e  g a i n  w a s  e q u a l  t o  o n e  w a s  e x t e n d e d  f r o m  - 2 0 0  t o  - 1 5 0  m i c r o v o l t s .  
A n  i n c r e a s e  i n  t h e  g a i n  b r o u g h t  a b o u t  a  m o r e  a g g r e s s i v e  i n t e r p r e t a t i o n a l  
b e h a v i o r .  O n  t h e  o t h e r  h a n d ,  a s  t h e  g a i n  w a s  l o w e r e d  f r o m  o n e ,  t h e  
i n t e r p r e t a t i v e  p r o f i l e  r e f l e c t e d  t h a t  t h e  F u z z y  C r i t e r i o n  b e c a m e  m o r e  
c o n s e r v a t i v e  i n  t h e  n u m b e r  o f  p o s i t i v e  i n t e r p r e t a t i o n s .  I n  a d d i t i o n ,  t h e  " a l l  
p o s i t i v e "  b e h a v i o r  d i s a p p e a r e d  a s  w e l l .  I n  f a c t  w h e n  t h e  g a i n  i s  a l l o w e d  t o  
g o  t o  z e r o ,  t h e  F u z z y  C r i t e r i o n  b e c o m e s  t h e  A b s o l u t e  C r i t e r i o n .  T h i s  i s  
s h o w n  i n  F i g u r e  1 3 ,  a s  r e p r e s e n t e d  b y  t h e  c u r v e s  l a b e l l e d  w i t h  g a i n  =  O .  
T h e  b l a n k  s q u a r e  r e p r e s e n t s  t h e  F u z z y  C r i t e r i o n ,  w h i c h  o v e r l a y s  t h e  s o l i d  
l i n e  w h i c h  r e p r e s e n t s  t h e  A b s o l u t e  C r i t e r i o n .  T a b l e  3  s h o w s  a  p o i n t  b y  
p o i n t  c o m p a r i s o n  w h i c h  a l s o  i l l u s t r a t e s  t h i s  r e s u l t .  
I n  F i g u r e  1 4 ,  t h e  e f f e c t  o f  g a i n  o n  t h e  c o n s i s t e n c y  f o r  t h e  i n t e r p r e t a t i o n s  
i n  e a c h  s i m u l a t i o n  s e t  i s  d e m o n s t r a t e d .  w i t h  t h e  n o i s e  l e v e l  e q u a l  t o  5 0  
A b s o l u t e  C r i t e r i o n  
a n d  
F u z z y  g a i n  =  0  
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Q - w a v e  m e a n s  ( m i c r o v o l t s )  
F I G .  1 3 .  H o w  G a i n  A f f e c t s  t h e  I n t e r p r e t a t i o n a l  B e h a v i o r  o f  t h e  F u z z y  
C r i t e r i o n .  N o i s e  =  5 0  m i c r o v o l t s .  
o  
A b s o l u t e  C r i t e r i o n  
· 2 0 0  - 1 5 0  - 1 0 0  
Q - w a v e  m e a n s  ( m i c r o v o l t s )  
F I G .  1 4 .  H o w  G a i n  A f f e c t s  t h e  S t a b i l i t y  P r o f i l e  o f  t h e  F u z z y  C r i t e r i o n .  
N o i s e  =  5 0  m i c r o v o l t s .  T h e  F u z z y  C r i t e r i o n ,  g a i n  =  1 . 5  i s  c o i n c i d e n t  w i t h  
t h e  h o r i z o n t a l  a x i s .  
f f i  
T A B L E  3  
D a t a  f o r  F u z z y  C r i t e r i o n  w h e n  t h e  G a i n  =  0  v e r s u s  
D a t a  f o r  t h e  A b s o l u t e  C r i t e r i o n  
Q - W a v e  
M e a n s :  
( m i c r o v o l t s )  
o  
- 5 0  
- 1 0 0  
- 1 5 0  
- 2 0 0  
- 2 5 0  
- 3 0 0  
P o s i t i v e  I n t e r p r e t a t i o n  
M e a n s :  
F u z z y  
A b s o l u t e  
0 . 2  0 . 2  
2 . 4  
2 . 4  
1 4 . 2  1 4 . 2  
4 3 . 9  4 3 . 9  
8 6 . 3  
8 6 . 3  
1 4 3 . 5  
1 4 3 . 5  
1 8 4 . 7  1 8 4 . 7  
S t a n d a r d  D e v i a t i o n  o f  t h e  
P o s i t i v e  
I n t e r p r e t a t i o n  M e a n s :  
F u z z y  
A b s o l u t e  
0 . 5 2  
0 . 5 2  
3 . 9 3  3 . 9 3  
2 1 . 2 0  
2 1 . 2 0  
4 7 . 5 3  4 7 . 5 3  
6 0 . 3 6  
6 0 . 3 6  
4 0 . 2 2  
4 0 . 2 2  
1 3 . 0 1  
1 3 . 0 1  
T h e  d a t a  p r e s e n t e d  f o r  t h e  p o s i t i v e  i n t e r p r e t a t i v e  m e a n s  f o r  t h e  F u z z y  
C r i t e r i o n  w h e n  t h e  d e c i s i o n  i n t e r v a l  h a s  b e e n  c o n t r a c t e d  t o  a  s i n g l e  p o i n t ,  
o r  I t c r i s p "  b o u n d a r y ,  a r e  t h e  s a m e  a s  t h a t  o f  t h e  A b s o l u t e  C r i t e r i o n .  T h e  
s t a n d a r d  d e v i a t i o n s  o f  t h e  p o s i t i v e  i n t e r p r e t a t i v e  m e a n s  a r e  t h e  s a m e ;  
h e n c e  b o t h  c r i t e r i a  h a v e  t h e  s a m e  s t a b i l i t y  p r o f i l e .  T h e y  a r e  e q u a l l y  s t a b l e  
w i t h  r e s p e c t  t o  n o i s e .  
T h e  s t a n d a r d  d e v i a t i o n  o f  t h e  w a v e  m e a s u r e m e n t s  f o r  t h i s  s i m u l a t i o n  
w a s  5 0  m i c r o v o l t s .  
m i c r o v o l t s .  W i t h  g a i n  v a l u e s  g r e a t e r  t h a n  o n e ,  t h e  s t a n d a r d  d e v i a t i o n  i s  
z e r o ,  s i n c e  t h e  s i z e  o f  t h e  i n t e r p r e t a t i v e  i n t e r v a l s  ( F u z z y  s u b s e t s )  h a s  b e e n  
e x t e n d e d ,  t h u s  I t m a s k i n g
l t  
o r  o v e r  t t f i l t e r i n g l t  t h e  p r e s e n c e  o f  n o i s e  a n d  t h e  
i n f o r m a t i o n  i t s e l f ,  i n  t h e  d a t a .  C o n s e q u e n t l y  t h e  F u z z y  C r i t e r i o n  e x h i b i t s  a  
m o r e  s t a b l e  p r o f i l e ,  a l t h o u g h  t h i s  m a y  n o t  b e  b e n e f i c i a l  i n  t h e  i n t e r p r e t a t i v e  
e n v i r o n m e n t .  A s  t h e  g a i n  i s  d e c r e a s e d  f r o m  o n e ,  t h i s  " m a s k i n g "  o r  
" f i l t e r i n g l t  e f f e c t  f o r  t h e  g a i n  i s  w e a k e n e d ,  p e r h a p s  w i t h  b e n e f i c i a l  r e s u l t s ,  
a n d  a s  t h e  g a i n  b e c o m e s  z e r o  t h e  s t a b i l i t y  o f  t h e  F u z z y  C r i t e r i o n  
a p p r o a c h e s  t h a t  o f  a n d  o v e r l a y s  t h e  p r o f i l e  o f  t h e  A b s o l u t e  C r i t e r i o n .  T h e  
s e c o n d  p a t i e n t  s t u d y  w i l l  e x p l o r e  t h e  p o s s i b l e  b e n e f i c i a l  r e s u l t s  o f  a l t e r i n g  
t h e  g a i n  w i t h  r e s p e c t  t o  s e n s i t i v i t y  a n d  s p e c i f i c i t y .  
3 . 3  R e s u l t s  f r o m  P a t i e n t  S t u d y  I I  
F i g u r e  1 5  r e p r e s e n t s  t h e  o v e r a l l  r e s u l t s  f r o m  t h e  p a t i e n t  s t u d y  o f  a l l  
t h r e e  i n t e r p r e t a t i v e  c r i t e r i a .  T h e  d a t a  f r o m  e a c h  c r i t e r i a  a r e  r e p r e s e n t e d  
i n  t e r m s  o f  t r u e  p o s i t i v e s  ( t p ) ,  t r u e  n e g a t i v e s  ( t n ) ,  f a l s e  p o s i t i v e s  ( f p ) ,  a n d  
f a l s e  n e g a t i v e s  ( f n ) .  T h e  s e n s i t i v i t i e s ,  s p e c i f i c i t i e s ,  a n d  p o s i t i v e  p r e d i c t i v e  
v a l u e s  ( p p v )  f o r  e a c h  c r i t e r i o n  a r e  s h o w n  i n  T a b l e  4 .  I n  e a c h ,  t h e  F u z z y  
C r i t e r i o n ' s  r e s u l t s  w e r e  d e t e r m i n e d  w i t h  t h e  g a i n  e q u a l  t o  o n e .  
E x a m i n i n g  F i g u r e  1 5 ,  i t  i s  a p p a r e n t  t h a t  t h e  A b s o l u t e  C r i t e r i o n  h a s  
i n t e r p r e t e d  t h e  g r e a t e s t  n u m b e r  o f  t r u e  n e g a t i v e s  ( 4 3 7  o u t  o f  a  p o s s i b l e  
4 5 7 ) .  T h e  R e l a x e d  C r i t e r i o n  h a s  i n t e r p r e t e d  4 1 2  o u t  o f  a  p o s s i b l e  4 5 7 ,  a n d  
t h e  F u z z y  C r i t e r i o n  h a s  i n t e r p r e t e d  t h e  l e a s t ,  w i t h  4 0 3  o u t  o f  a  p o s s i b l e  4 5 7 .  
F r o m  T a b l e  4 ,  t h e  s p e c i f i c i t i e s  r e f l e c t  t h e s e  r e s u l t s  w i t h  t h e  A b s o l u t e  
W i t h o u t  
I n f a r c t i o n  
I n f a r c t i o n  
( d i s e a s e d )  ( n o t  d i s e a s e d )  
R o w  T o t a l s  
.  
A b s  ;  R e I  ~ F u z  
A b s  
~Rel 
:  F u z  
A b s  
~ R e I  ~ 
F u z  
P o s i t i v e  
5 3 :  1 3 4  :  1 2 0  
2 0  
: 4 5  
: 5 4  
7 3  1 7 9  :  1 7 4  
( y e s )  
.  
.  
: - - :  
N e g a t i v e  
.  
1 2 3  
: 4 2  : 5 6  
4 3 7  :  4 1 2  
4 0 3  
5 6 0  :  
4 5 4 :  4 5 9  
( n o )  
.  
:  
C o l u m n  
:  
T o t a l s  
1 7 6  
:  1 7 6  : 1 7 6  4 5 7  :  4 5 7  :  4 5 7  
6 3 3  
6 3 3 :  
6 3 3  
F I G .  1 5 .  C o n t i n g e n c y  T a b l e  f o r  t h e  C r i t e r i a ,  P a t i e n t  S t u d y  I I .  T h i s  
t a b l e  s h o w s  t h e  r e s u l t s  i n  t e r m s  o f  t r u e  p o s i t i v e s ,  f a l s e  p o s i t i v e s ,  t r u e  
n e g a t i v e s ,  a n d  f a l s e  n e g a t i v e s  o f  t h e  s e c o n d  p a t i e n t  s t u d y .  G a i n  f o r  t h e  
F u z z y  C r i t e r i o n  w a s  e q u a l  t o  1 . 0 .  A b s  r e p r e s e n t s  t h e  A b s o l u t e  C r i t e r i o n ,  
R e I  r e p r e s e n t s  t h e  R e l a x e d  C r i t e r i o n ,  a n d  F u z  r e p r e s e n t s  t h e  F u z z y  
C r i t e r i o n .  
6 9  
T A B L E  4  
S e n s i t i v i t y ,  S p e c i f i c i t y ,  a n d  P o s i t i v e  P r e d i c t i v e  V a l u e s  
f o r  P a t i e n t  S t u d y  I I  
A b s o l u t e  R e l a x e d  F u z z y  
S e n s i t i v i t y  0 . 3 0  
S p e c i f i c i t y  0 . 9 6  
P o s i t i v e  P r e d i c t i v e  V a l u e  0 . 7 3  
0 . 7 6  
0 . 9 0  
0 . 7 5  
0 . 6 8  
0 . 8 8  
0 . 6 9  
T h i s  t a b l e  s h o w s  t h e  s e n s i t i v i t i e s ,  s p e c i f i c i t i e s ,  a n d  p o s i t i v e  p r e d i c t i v e  
v a l u e s  f o r  t h e  t h r e e  c r i t e r i a  f r o m  P a t i e n t  S t u d y  I I .  T h e  g a i n  f o r  t h e  F u z z y  
C r i t e r i o n  w a s  1 . 0 0 .  
C r i t e r i o n  h a v i n g  t h e  h i g h e s t  s p e c i f i c i t y  ( 0 . 9 6 ) ,  f o l l o w e d  b y  t h e  R e l a x e d  
C r i t e r i o n  ( 0 . 9 0 ) ,  t h e n  t h e  F u z z y  C r i t e r i o n  ( 0 . 8 8 ) .  
I n  t e r m s  o f  t r u e  p o s i t i v e s ,  t h e  R e l a x e d  C r i t e r i o n  a c h i e v e d  t h e  h i g h e s t  
n u m b e r  o f  i n t e r p r e t a t i o n s ,  w i t h  1 3 4 ,  f o l l o w e d  b y  t h e  F u z z y  C r i t e r i o n  w i t h  
1 2 0  t r u e  p o s i t i v e s ,  a n d  t h e n  t h e  A b s o l u t e  C r i t e r i o n  w i t h  5 3  t r u e  p o s i t i v e s .  
I n  t e r m s  o f  s e n s i t i v i t y ,  t h e  R e l a x e d  C r i t e r i o n  h a d  t h e  h i g h e s t  s c o r e  w i t h  
0 . 7 6 ,  f o l l o w e d  b y  t h e  F u z z y  C r i t e r i o n  ( 0 . 6 8 )  t h e n  t h e  A b s o l u t e  C r i t e r i o n  
( 0 . 3 0 ) .  
I n  t e r m s  o f  s e n s i t i v i t y ,  t h e  R e l a x e d  C r i t e r i o n  a p p e a r s  t o  o u t  p e r f o r m  
e i t h e r  o f  t h e  o t h e r  t w o  c r i t e r i o n .  T h e  F u z z y  C r i t e r i o n  i s  0 . 0 4  p o i n t s  l e s s  
t h a n  t h e  R e l a x e d  C r i t e r i o n  a n d  m o r e  t h a n  t w i c e  t h a t  o f  t h e  A b s o l u t e  
C r i t e r i o n .  H o w e v e r ,  w h e n  t h e  s p e c i f i c i t i e s  a r e  c o m p a r e d ,  t h e  F u z z y  
C r i t e r i o n  h a s  t h e  l o w e s t  v a l u e  ( 0 . 8 8 ) .  
7 0  
L a s t l y ,  t h e  p o s i t i v e  p r e d i c t i v e  v a l u e  f o r  t h e  R e l a x e d  C r i t e r i o n  ( 0 . 7 4 9 )  w a s  
t h e  h i g h e s t  o f  t h e  t h r e e  c r i t e r i a ,  f o l l o w e d  b y  t h e  A b s o l u t e  C r i t e r i o n  ( 0 . 7 2 6 ) ,  
t h e n  t h e  F u z z y  C r i t e r i o n  ( 0 . 6 9 0 ) .  T h e  o v e r a l l  p o s i t i v e  p r e d i c t i v e  v a l u e s  f o r  
t h e  c r i t e r i a  o b s c u r e  h o w  t h e  c r i t e r i a  c o m p a r e  w i t h  e a c h  o t h e r  s i n c e  t h e  
p o s i t i v e  p r e d i c t i v e  v a l u e  i s  t h e  r a t i o  o f  t r u e  p o s i t i v e s  t o  t h e  s u m  o f  t h e  t r u e  
p o s i t i v e s  a n d  f a l s e  p o s i t i v e s .  W h e n  t h e  n u m b e r  o f  t r u e  p o s i t i v e s  a n d  f a l s e  
p o s i t i v e s  o f  t h e  A b s o l u t e  a n d  F u z z y  C r i t e r i a  a r e  c o m p a r e d ,  t h e  A b s o l u t e  
C r i t e r i o n  i n t e r p r e t e d  l e s s  t h a n  h a l f  o f  t h e  f a l s e  p o s i t i v e s  t h a t  t h e  F u z z y  
C r i t e r i o n  d i d ,  i . e . ,  t h e  A b s o l u t e  h a d  2 0  f a l s e  p o s i t i v e s  a n d  t h e  F u z z y  h a d  5 4  
f a l s e  p o s i t i v e s ,  w h i c h  i s  r e f l e c t e d  i n  t h e  l o w e r  s p e c i f i c i t y  o f  t h e  F u z z y  
C r i t e r i o n .  H o w e v e r ,  t h e  F u z z y  C r i t e r i o n  c o u n t e d  1 2 0  t r u e  p o s i t i v e s  
7 1  
o u t  o f  a  p o s s i b l e  1 7 6 ,  w h i c h  w a s  m o r e  t h a n  t w i c e  t h e  n u m b e r  t h a t  t h e  
A b s o l u t e  C r i t e r i o n  i n t e r p r e t e d  ( 5 3  t r u e  p o s i t i v e s ) .  T h i s  w a s  r e f l e c t e d  i n  t h e  
h i g h e r  s e n s i t i v i t y  f o r  t h e  F u z z y  C r i t e r i o n  c o m p a r e d  t o  t h e  A b s o l u t e  
S e n s i t i v i t y .  T h i s  c o u l d  b e  o f  i m p o r t a n t  c l i n i c a l  s i g n i f i c a n c e  w h e r e  
s e n s i t i v i t y  i s  m o r e  i m p o r t a n t  t h a n  s p e c i f i c i t y .  
T a b l e  5  i s  t h e  c o m p i l a t i o n  o f  t h e  d i f f e r e n t  s e n s i t i v i t i e s ,  s p e c i f i c i t i e s ,  a n d  
p o s i t i v e  p r e d i c t i v e  v a l u e s  f o r  t h e  F u z z y  C r i t e r i o n  w h e n  d i f f e r e n t  g a i n s  w e r e  
u s e d .  I n c l u d e d  i n  t h i s  t a b l e  a r e  t h e  s e n s i t i v i t i e s ,  s p e c i f i c i t i e s ,  a n d  p o s i t i v e  
p r e d i c t i v e  v a l u e s  f o r  t h e  F u z z y  C r i t e r i o n .  
I n  g e n e r a l ,  a s  t h e  g a i n  i s  i n c r e a s e d ,  t h e  s e n s i t i v i t y  i n c r e a s e s  a n d  t h e  
s p e c i f i c i t y  d e c r e a s e s .  I n  t h i s  c a s e  t h e  F u z z y  C r i t e r i o n  b e g i n s  t o  b e h a v e  a s  
t h e  A b s o l u t e  C r i t e r i o n ,  a n d  w i t h  t h e  g a i n  e q u a l  t o  z e r o ,  t h e  F u z z y  C r i t e r i o n  
b e c o m e s  b a s i c a l l y  t h e  A b s o l u t e  C r i t e r i o n ,  s i n c e  t h e  F u z z y  C r i t e r i o n ' s  
s p e c i f i c i t y  a n d  s e n s i t i v i t y  h a v e  b e c o m e  t h a t  o f  t h e  A b s o l u t e  C r i t e r i o n ,  i . e . ,  
0 . 9 6  f o r  t h e  s p e c i f i c i t y  a n d  w i t h  s e n s i t i v i t i e s  o f  0 . 3 0  a n d  0 . 3 1  f o r  t h e  
A b s o l u t e  a n d  F u z z y  C r i t e r i a ,  r e s p e c t i v e l y .  T h e  F u z z y  C r i t e r i o n  h a d  o n e  
t r u e  p o s i t i v e  i n t e r p r e t a t i o n  d i f f e r e n t  f r o m  t h e  A b s o l u t e  C r i t e r i o n  b e c a u s e  
t h e  F u z z y  r e a d s  l e s s  t h a n  o r  e q u a l - 2 5 0  m i c r o v o l t s  i n  c l a u s e  t h r e e  i n s t e a d  o f  
l e s s  t h a n  - 2 5 0  m i c r o v o l t s  a s  t h e  A b s o l u t e  C r i t e r i o n  d o e s .  W h e n  t h e  g a i n  f o r  
t h e  F u z z y  C r i t e r i o n  w a s  e q u a l  t o  o n e  i n  t h e  s i m u l a t i o n  s t u d y ,  t h e  b e h a v i o r  
p r o f i l e  m a t c h e d  e x a c t l y  t h a t  o f  t h e  A b s o l u t e  C r i t e r i o n ,  a s  d i d  t h e  
i n t e r p r e t a t i v e  c o n s i s t e n c y  p r o f i l e s  u n d e r  t h e  d i f f e r e n t  l e v e l s  o f  n o i s e .  
A s  m e n t i o n e d  e a r l i e r ,  a s  t h e  g a i n  i s  i n c r e a s e d ,  t h e  s e n s i t i v i t y  
i n c r e a s e s ,  b u t  d o e s  n o t  r e a c h  o n e  b e c a u s e  t h e  i n t e r p r e t a t i v e  p a r a m e t e r s  o r  
T A B L E  5  
F u z z y  R u l e :  E f f e c t  o f  G a i n  o n  t h e  
S e n s i t i v i t y ,  S p e c i f i c i t y ,  a n d  P o s i t i v e  P r e d i c t i v e  V a l u e s  
F u z z y  G a i n  F u z z y  S e n s i t i v i t y  F u z z y  S p e c i f i c i t y  F u z z y  P o s i t i v e  
7 2  
P r e d i c t i v e  V a l u e  
0 . 0 0  0 . 3 1  0 . 9 6  
0 . 7 3 0  
0 . 2 5  0 . 3 4  0 . 9 5  
0 . 7 3 2  
0 . 5 0  
0 . 4 1  0 . 9 5  
0 . 7 4 5  
0 . 6 0  0 . 4 7  
0 . 9 4  
0 . 7 5 9  
0 . 7 5  
0 . 5 6  
0 . 9 3  0 . 7 5 4  
1 . 0 0  
0 . 6 8  0 . 8 9  
0 . 6 9 8  
1 . 5 0  
0 . 8 6  0 . 6 2  0 . 4 6 9  
1 . 6 0  
0 . 9 0  
0 . 4 8  0 . 4 0 1  
1 . 7 0  
0 . 9 3  
0 . 3 8  0 . 3 6 6  
1 . 7 5  
0 . 9 3  
0 . 3 8  0 . 3 6 6  
2 . 0 0  
0 . 9 3  0 . 3 8  
0 . 3 6 6  
5 . 0 0  
0 . 9 3  0 . 3 8  0 . 3 6 6  
C l a s s i c a l  R u l e s :  L i s t i n g  o f  S e n s i t i v i t i e s ,  S p e c i f i c i t i e s ,  a n d  P P V .  
A b s o l u t e  S e n s i t i v i t y  =  0 . 3 0  
A b s o l u t e  S p e c i f i c i t y  =  0 . 9 6  
A b s o l u t e  P P V  =  0 . 7 2 6  
R e l a x e d  S e n s i t i v i t y  =  0 . 7 6  
R e l a x e d  S e n s i t i v i t y  =  0 . 9 0  
R e l a x e d  P P V  =  0 . 7 4 9  
T h i s  t a b l e  c o m p a r e s  t h e  s e n s i t i v i t i e s ,  s p e c i f i c i t i e s ,  a n d  p o s i t i v e  
p r e d i c t i v e  v a l u e s  o f  t h e  F u z z y  C r i t e r i o n  a s  t h e  g a i n  i s  c h a n g e d  f r o m  0 . 0 0  t o  
5 . 0 0 .  A b o v e  a  g a i n  o f  a b o u t  1 . 7 0 ,  n o  c h a n g e  o c c u r s  i n  t h e  F u z z y  C r i t e r i o n  
i n  i t s  i n t e r p r e t a t i v e  b e h a v i o r .  T h e  s e n s i t i v i t i e s ,  s p e c i f i c i t i e s ,  a n d  p o s i t i v e  
p r e d i c t i v e  v a l u e s  f o r  t h e  C l a s s i c a l  r u l e s  a r e  i n c l u d e d  f o r  c o m p a r i s o n .  
b o u n d a r i e s  r e m a i n  f i x e d o  A l s o ,  m a n y  H E L P  w a v e  m a g n i t u d e  s e t s  u t i l i z e d  
i n  t h i s  s t u d y  h a d  Q - w a v e  a n d  R - w a v e  m a g n i t u d e s  t h a t  w e r e  n o t  i n d i c a t i v e  
o f  i n f e r i o r  i n f a r c t i o n ,  n o  m a t t e r  w h a t  g a i n  w a s  c h o s e n  f o r  t h e  F u z z y  
C r i t e r i a .  
I n  F i g u r e  1 6 ,  t h e  f r e q u e n c y  f o r  t h e  F u z z y  C r i t e r i o n ' s  p o s i t i v e  p r e d i c t i v e  
v a l u e s ,  s e n s i t i v i t i e s ,  a n d  s p e c i f i c i t i e s  a r e  p l o t t e d  a g a i n s t  t h e  d i f f e r e n t  
g a i n s  u s e d  i n  t h e  p a t i e n t  s t u d y .  A l s o  p l o t t e d  a r e  l i n e s  r e p r e s e n t i n g  t h e  
s e n s i t i v i t i e s ,  s p e c i f i c i t i e s ,  a n d  p o s i t i v e  p r e d i c t i v e  v a l u e s  f r o m  t h e  A b s o l u t e  
a n d  R e l a x e d  C r i t e r i a  ( w h i c h  a r e  i n v a r i a n t  u n d e r  f u z z y  g a i n ) .  T h e  
s e n s i t i v i t y  d o e s  n o t  v a r y  s u b s t a n t i a l l y  a s  t h e  g a i n  i s  c h a n g e d  n e a r  t h e  
v a l u e  o f  0 . 5 .  T h i s  e x p l a i n s  t h e  b e h a v i o r  o f  t h e  p o s i t i v e  p r e d i c t i v e  v a l u e  
n e a r  g a i n s  o f  o n e ,  s i n c e  i t  i s  t h e  r a t i o  o f  t h e  n u m b e r  o f  t r u e  p o s i t i v e s  t o  t h e  
n u m b e r  o f  t r u e  p o s i t i v e s  p l u s  t h e  n u m b e r  o f  t r u e  n e g a t i v e s .  T h e  p o s i t i v e  
p r e d i c t i v e  v a l u e  r e f l e c t s  t h e  f a s t  i n c r e a s e  i n  t h e  n u m b e r  o f  t r u e  p o s i t i v e s  
a n d  t h e  s l o w  c h a n g e  i n  t h e  n u m b e r  o f  t r u e  n e g a t i v e s  i n  t h i s  r e g i o n  o f  g a i n .  
F i g u r e  1 7  i s  t h e  c o n d e n s a t i o n  o f  t h e  d i f f e r e n t  s p e c i f i c i t i e s  a n d  
s e n s i t i v i t i e s  o f  t h e  F u z z y  C r i t e r i o n  w i t h  t h e  d i f f e r e n t  g a i n s  i n t o  a n  r e c e i v e r  
o p e r a t o r  c h a r a c t e r i s t i c  c u r v e ,  a n  R O C - c u r v e  ( 2 ,  1 9 ) .  A l s o  p l o t t e d  a r e  t h e  
l i n e s  t h a t  r e p r e s e n t  t h e  s e n s i t i v i t i e s  a n d  s p e c i f i c i t i e s  o f  t h e  A b s o l u t e  a n d  
R e l a x e d  C r i t e r i a .  L i n e s  a r e  u s e d  s i n c e  t h e  s e n s i t i v i t i e s  a n d  s p e c i f i c i t i e s  o f  
t h e s e  t w o  c r i t e r i a  r e m a i n  i n v a r i a n t  w h e n  t h e  g a i n  i s  a l t e r e d  i n  t h e  F u z z y  
C r i t e r i o n .  
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1 ·  F U Z  s p e c i f i c i t y  
F I G .  1 7 .  R O C - c u r v e  f o r  t h e  F u z z y  C r i t e r i o n .  E a c h  n u m b e r  r e f e r s  t o  t h e  
g a i n  a t  w h i c h  t h e  s e n s i t i v i t y  a n d  1 - s p e c i f i c i t y  v a l u e s  w e r e  d e t e r m i n e d .  
7 5  
C H A P T E R  4  
C O N C L U S I O N S  
4 . 1  I n t r o d u c t i o n  
T h e  t h r e e  d i f f e r e n t  s t u d i e s  c o v e r e d  i n  t h i s  p r o j e c t  w e r e  p e r f o r m e d  t o  
d e t e r m i n e  i f  a  C l a s s i c a l  r u l e  t h a t  h a s  b e e n  t r a n s f o r m e d  d i r e c t l y  i n t o  a  
F u z z y  r u l e  b e t t e r  a p p r o x i m a t e s  t h e  i n t e r p r e t a t i o n a l  b e h a v i o r  o f  t h e  
p h y s i c i a n ,  e i t h e r  i n  t h e  i n t e r p r e t a t i o n a l  p a t t e r n s  o f  s e r i a l  
e l e c t r o c a r d i o g r a p h i c  i n f o r m a t i o n ,  i n  t e r m s  o f  s e n s i t i v i t i e s / s p e c i f i c i t i e s ,  o r  
i n t e r p r e t a t i o n a l  s t a b i l i t y  i n  r e l a t i o n  t o  n o i s e .  T h e  f i r s t  p a t i e n t  s t u d y  
i l l u s t r a t e d  t h e  s e r i a l  i n t e r p r e t a t i o n a l  c o n s i s t e n c y  o f  t h e  P h y s i c i a n s '  
C r i t e r i a ,  A b s o l u t e  C r i t e r i o n ,  a n d  t h e  F u z z y  C r i t e r i o n ,  a n d  g a v e  i n d i c a t i o n s  
o f  t h e  t y p e  o f  i n t e r p r e t a t i o n a l  b e h a v i o r  t h a t  m i g h t  b e  e x p e c t e d  f r o m  t h e  
c r i t e r i a  i n  t e r m s  o f  n o i s e .  I n  a d d i t i o n ,  i t  a l s o  h i n t e d  a t  w h i c h  c r i t e r i o n  
c o u l d  m o r e  c l o s e l y  a p p r o x i m a t e  t h e  i n t e r p r e t a t i o n a l  b e h a v i o r  o f  t h e  
p h y s i c i a n .  T h i s  s t u d y  a l s o  u n c o v e r e d  s o m e  o f  t h e  p o s s i b l e  l i m i t a t i o n s  a n d  
c a v e a t s  o f  t h e  t w o  t y p e s  o f  d e t e r m i n i s t i c  l o g i c .  T h e  s e c o n d  p a t i e n t  s t u d y  
m e a s u r e d  t h e  s e n s i t i v i t i e s  a n d  s p e c i f i c i t i e s  o f  t h e  t h r e e  c r i t e r i a .  I t  a l s o  
m e a s u r e d  t h e  s e n s i t i v i t i e s  a n d  s p e c i f i c i t i e s  o f  t h e  f u z z y  r u l e  u n d e r  d i f f e r e n t  
g a i n s .  T h e  s i m u l a t i o n  s t u d y  a l l o w e d  c o m p a r i s o n  o f  t h e  c r i t e r i a  u n d e r  
d i f f e r e n t  l e v e l s  o f  n o i s e  m o d e l l e d  b y  t h e  s p r e a d  o f  w a v e  m a g n i t u d e s .  A l s o  
w i t h  t h e  s i m u l a t i o n  s t u d y ,  t h e  r e l a t i o n s h i p s  o f  a  f u z z y  g a i n  t o  t h e  
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i n t e r p r e t a t i o n a l  b e h a v i o r  a n d  s t a b i l i t y  o f  t h e  F u z z y  C r i t e r i o n  w e r e  e x p l o r e d .  
H e n c e  a  r e l a t i v e  c o m p a r i s o n  o f  t h e  c r i t e r i a ,  i n  l i g h t  o f  t h e  p a t i e n t  s t u d i e s ,  
c o u l d  a l l o w  l i m i t e d  i n f e r e n c e s  a b o u t  t h e  c r i t e r i a  i n  r e l a t i o n  t o  n o i s e  a n d  
p o s s i b l e  b e h a v i o r  u n d e r  r e a l  c o n d i t i o n s .  
4 . 2  C o n c l u s i o n s  f r o m  P a t i e n t  S t u d y  I  
T h e  l a s t  t w o  p a t t e r n s  ( z e r o  t o  p o s i t i v e ,  o r  p o s i t i v e  t o  z e r o ;  F i g u r e  6 )  s e e m  
t o  s u g g e s t  t h a t  t h e  F u z z y  C r i t e r i o n  i s  m o r e  a g g r e s s i v e  t h a n  e i t h e r  o f  t h e  
o t h e r  C r i t e r i a  ( e s p e c i a l l y  t h e  P h y s i c i a n  C r i t e r i a ) .  A l s o ,  t h e  F u z z y  C r i t e r i o n  
s e e m s  t o  e x h i b i t  a  l o w e r  i n t e r p r e t a t i o n a l  s t a b i l i t y  ( l e s s  c o n s i s t e n t  
i n t e r p r e t a t i o n a l  b e h a v i o r ) .  T h i s  c o u l d  b e  a t t r i b u t e d  t o  t h e  a r b i t r a r y  
d e f i n i t i o n  o f  t h e  i n t e r p r e t a t i o n a l  i n t e r v a l s  ( f u z z y  s u b s e t s ) .  A l t e r i n g  t h e  
g a i n ,  t h e  O - g a i n  " c r i s p "  b o u n d a r i e s  ( i . e . ,  t h e  a b s o l u t e  b o u n d a r i e s  w h e n  t h e  
g a i n  i s  z e r o )  , t h e  m e a n i n g  o f  p o s i t i v e  a n d  n e g a t i v e  f i n d i n g s ,  a n d / o r  t h e  
c o n f i d e n c e  a s s i g n m e n t s  w o u l d  o b v i o u s l y  a l t e r  t h e  p a t t e r n s  i n  t h e  F u z z y  
C r i t e r i o n  f r o m  t h e  o n e s  o b t a i n e d  i n  t h i s  s t u d y  ( 1 5 ) .  S i n c e  t h e  p a r a m e t e r s  
a r e  d y n a m i c a l l y  a s s o c i a t e d  t o g e t h e r ,  i t  m a y  b e  d i f f i c u l t  t o  p r e d i c t  w h i c h  
p a r a m e t e r  o r  g r o u p  o f  p a r a m e t e r s  t o  m o d i f y ,  o r  i n  w h a t  m a n n e r  t h e  
p a r a m e t e r s  s h o u l d  b e  m o d i f i e d  t o  m a k e  t h e  F u z z y  C r i t e r i o n  m o r e  c l o s e l y  
a p p r o x i m a t e  t h e  p h y s i c i a n s '  i n t e r p r e t a t i o n a l  b e h a v i o r  a n d  s t a b i l i t y .  S u c h  
a l t e r a t i o n s  c o u l d  i m p r o v e  t h e  s e n s i t i v i t y  o r  s p e c i f i c i t y  o f  t h e  F u z z y  C r i t e r i o n  
a s  w e l l  a s  l o w e r  t h e  s e n s i t i v i t y  a n d  s p e c i f i c i t y .  S i n c e  t h e  s e n s i t i v i t y  a n d  
s p e c i f i c i t y  a r e  n o t  t h e  s a m e  s t a t i s t i c ,  c h a n g i n g  o n e  m a y  n o t  a f f e c t  t h e  o t h e r  
i n  a  l i k e  m a n n e r .  F o r  e x a m p l e ,  a s  t h e  s e c o n d  p a t i e n t  s t u d y  h a s  s h o w n ,  
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i n c r e a s i n g  t h e  g a i n  m a y  i n c r e a s e  t h e  s e n s i t i v i t y ,  b u t  t h e  s p e c i f i c i t y  m a y  b e  
l o w e r e d .  F r o m  t h i s  f i r s t  p a t i e n t  s t u d y  ( s e e  F i g u r e  6 ,  C o m p i l e d  F u z z y  
C r i t e r i o n ) ,  t h e  m a r g i n a l  t o t a l s  o f  t h e  F u z z y  C r i t e r i o n  m o r e  c l o s e l y  
a p p r o x i m a t e  t h o s e  o f  t h e  P h y s i c i a n  C r i t e r i a  t h a n  d o  t h e  m a r g i n a l  t o t a l s  o f  
t h e  A b s o l u t e  C r i t e r i o n .  Y e t ,  i f  c o n f i d e n c e  v a l u e s  o f  0 %  a n d  2 5 %  w e r e  
c h o s e n  t o  i m p l y  t h a t  t h e r e  w a s  n o  f i n d i n g  f o r  i n f e r i o r  i n f a r c t i o n ,  t h e n  t h e  
n u m b e r  o f  p o s i t i v e  t o  p o s i t i v e  p a t t e r n s  w o u l d  b e  l e s s ,  w i t h  a  c o n s e q u e n t  
i n c r e a s e  i n  t h e  t a l l i e s  f o r  t h e  o t h e r  p a t t e r n s .  T h e  s e n s i t i v i t y  a n d  s p e c i f i c i t y  
o f  t h e  F u z z y  C r i t e r i o n  w o u l d  a l s o  b e  a l t e r e d ,  b u t  i t  i s  d i f f i c u l t  t o  p r e d i c t  
w h e t h e r  t h e r e  w o u l d  b e  a n  o v e r a l l  i m p r o v e m e n t  i n  a l l  f o u r  p a t t e r n s ,  i n  
t e r m s  o f  s e n s i t i v i t y  a n d  s p e c i f i c i t y .  C o n c e i v a b l y ,  t h e  s e n s i t i v i t y  w o u l d  
d e c r e a s e ,  a n d  t h e  s p e c i f i c i t y  w o u l d  i n c r e a s e .  I n  s o m e  s e n s e ,  t h e  F u z z y  
C r i t e r i o n  w o u l d  b e c o m e  m o r e  c o n s e r v a t i v e  i n  i t s  i n t e r p r e t a t i v e  b e h a v i o r ,  
t h u s  m o r e  c l o s e l y  a p p r o x i m a t i n g  t h a t  o f  t h e  A b s o l u t e  C r i t e r i o n .  P a t i e n t  
S t u d y  I I  w a s  u n d e r t a k e n  t o  p r o v i d e  u s e f u l  i n f o r m a t i o n  o n  t h i s  i s s u e .  
4 . 3  C o n c l u s i o n s  f r o m  t h e  S i m u l a t i o n  S t u d y  
T h e  r e s u l t s  f r o m  t h i s  s t u d y  s u g g e s t  s e v e r a l  i n t e r e s t i n g  p o s s i b i l i t i e s .  
A l t e r i n g  t h e  s i z e  o f  t h e  i n t e r p r e t a t i o n  i n t e r v a l s  m a y  f a c i l i t a t e  t h e  
a d a p t a t i o n  o f  t h e  r u l e  t o  m e e t  a  v a r i e t y  o f  n o i s e  l e v e l s  o r  c l i n i c a l  c o n d i t i o n s .  
T h i s  c a n  b e  a c c o m p l i s h e d  b y  a d j u s t i n g  t h e  g a i n  t o  e i t h e r  d i l a t e  o r  c o n t r a c t  
t h e  s i z e  o f  t h e  i n t e r p r e t a t i o n  i n t e r v a l s ,  i . e . ,  i n c r e a s i n g  o r  d e c r e a s i n g  t h e  
g a i n ,  r e s p e c t i v e l y .  F o r  i n s t a n c e ,  t h e  r e s u l t s  i n d i c a t e  t h a t  i t  i s  p o s s i b l e  f o r  
t h e  F u z z y  C r i t e r i o n  t o  m i m i c  t h e  i n t e r p r e t a t i o n a l  b e h a v i o r  a n d  s t a b i l i t y  o f  
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t h e  A b s o l u t e  C r i t e r i o n  o r  c l o s e l y  a p p r o x i m a t e  t h a t  o f  t h e  R e l a x e d  C r i t e r i o n .  
A  f u z z y  r u l e  s u c h  a s  t h e  F u z z y  C r i t e r i o n  c o u l d  b e  q u i c k l y  a d j u s t e d  t o  a d a p t  
t o  a  r a n g e  o f  c l i n i c a l  c o n d i t i o n s :  e . g . ,  e m e r g e n c y  r o o m ,  a s s i s t  a  p h y s i c i a n  
i n  m a k i n g  a n  i n t e r p r e t a t i o n ,  a n d / o r  a s s i s t a n c e  i n  p a t i e n t  c a r e  a n d  o t h e r  
c o n d i t i o n s .  T h i s  c o u l d  b e  d o n e  b y  a d j u s t i n g  a  p a r a m e t e r  s u c h  a s  t h e  g a i n ,  
w h i c h  c o n t r o l s  t h e  s i z e  o f  t h e  f u z z y  s u b s e t s  o r  i n t e r p r e t a t i o n a l  i n t e r v a l s .  
T h e  o v e r a l l  i n t e r p r e t a t i o n a l  b e h a v i o r  o f  t h e  f u z z y  r u l e  c o u l d  b e  a d j u s t e d  b y  
t h e  p r a c t i t i o n e r ,  o r  o n e  c o u l d  e n v i s i o n  a n  a u t o m a t e d  v e r s i o n  t h a t  c o u l d  
o p t i m i z e  t h e  i n t e r p r e t a t i o n a l  b e h a v i o r  b a s e d  u p o n  t h e  a u t o m a t e d  r e c o r d  
k e e p i n g  o f  p a s t  p e r f o r m a n c e s .  T h i s  w i l l  r e q u i r e  f u r t h e r  s t u d y ,  b o t h  f o r  
a p p l i c a b i l t y  a n d  f e a s i b l i t y .  
T h e  f u z z i f i e d  r u l e  o f  t h e  A b s o l u t e  C r i t e r i o n ,  t h e  F u z z y  C r i t e r i o n ,  a l s o  
e x h i b i t s  a  m o r e  s t a b l e  ( c o n s i s t e n t )  i n t e r p r e t a t i v e  b e h a v i o r  a b o u t  t h e  
i n t e r p r e t a t i o n  b o u n d a r i e s  w i t h  r e s p e c t  t o  n o i s e  ( 1 8 ) .  H o w e v e r ,  a s  t h e  g a i n  
i s  r e d u c e d  t h r o u g h  t h e  i n t e r m e d i a t e  v a l u e s  b e t w e e n  1  a n d  0 ,  i n c l u s i v e l y ,  
t h i s  s t a b i l i t y  d e c r e a s e s  t o  t h a t  o f  t h e  A b s o l u t e  C r i t e r i o n .  S i n c e  t h e  b e h a v i o r  
p r o f i l e s  o f  t h e  F u z z y  ( w h e n  g a i n  =  1 )  a n d  R e l a x e d  C r i t e r i o n  ( t h e  m o r e  
c o m p l e x  c l a s s i c a l  r u l e  t h a t  i s  d e r i v e d  f r o m  t h e  A b s o l u t e  C r i t e r i o n )  a r e  s o  
s i m i l a r  ( m e a n i n g  t h e y  h a v e  s i m i l a r  s e n s i t i v i t i e s  a n d  s p e c i f i c i t i e s )  ,  t h e  
a d d i t i o n  o r  r e d u c t i o n  o f  n o i s e  a f f e c t s  b o t h  c r i t e r i a  e q u a l l y  ( 1 8 ) .  
4 . 4  C o n c l u s i o n s  f r o m  P a t i e n t  S t u d y  I I  
T h e  r e s u l t s  f r o m  t h e  s e c o n d  p a t i e n t  s t u d y  s u g g e s t  t h a t  t h e  
" f u z z i f i c a t i o n "  o f  t h e  A b s o l u t e  C r i t e r i o n  i n t o  t h e  F u z z y  C r i t e r i o n  ( f o r  a  g a i n  
e q u a l  t o  o n e )  i m p r o v e s  i t s  p e r f o r m a n c e  i n  t e r m s  o f  s e n s i t i v i t y ,  w i t h  a  
m i n i m u m  l o s s  i n  i t s  s p e c i f i c i t y .  I n  f a c t ,  i t  b r i n g s  t h e  i n t e r p r e t a t i v e  
b e h a v i o r  m o r e  i n  l i n e  w i t h  i t s  m o r e  c o m p l e x  c o u n t e r p a r t ,  t h e  R e l a x e d  
C r i t e r i o n  ( w h i c h  w a s  s u g g e s t e d  b y  t h e  s i m u l a t i o n  s t u d y ) .  I n  a d d i t i o n ,  t h e  
r u l e ' s  p e r f o r m a n c e  o r  r e s p o n s e  a l s o  m o r e  c l o s e l y  a p p r o x i m a t e s  t h a t  o f  t h e  
P h y s i c i a n  i n  t e r m s  o f  p o s i t i v e  p r e d i c t i v e  v a l u e ,  s e n s i t i v i t y ,  a n d  s p e c i f i c i t y ,  
a l t h o u g h  i t  d o e s  n o t  r e a c h  v a l u e s  o b t a i n e d  b y  t h e  R e l a x e d  C r i t e r i o n .  A l s o  
a s  s u g g e s t e d  i n  t h e  s i m u l a t i o n ,  t h e  F u z z y  C r i t e r i o n  c a n  e x h i b i t  a  r a n g e  o f  
s p e c i f i c i t i e s  a n d  s e n s i t i v i t i e s  b y  a l t e r i n g  t h e  g a i n  o f  t h e  c r i t e r i o n .  T o  
i n c r e a s e  t h e  s e n s i t i v i t y ,  t h e  g a i n  c a n  b e  i n c r e a s e d .  T o  i n c r e a s e  t h e  
s p e c i f i c i t y ,  t h e  g a i n  c a n  b e  l o w e r e d .  U n f o r t u n a t e l y ,  a n  i n c r e a s e  i n  
s p e c i f i c i t y  l o w e r s  t h e  s e n s i t i v i t y  a n d  v i c e  v e r s a .  T h e y  c a n n o t  b e  a l t e r e d  
i n d e p e n d e n t l y  o f  e a c h  o t h e r ,  e x c e p t  w i t h  g a i n s  i n  t h e  r e g i o n  o f  0  t o  0 . 7 5 .  I n  
t h i s  r e g i o n ,  a n  i n c r e a s e  i n  g a i n  h a s  l i t t l e  e f f e c t  o n  t h e  s p e c i f i c i t y .  T h e  
s p e c i f i c i t y  o f  t h e  F u z z y  C r i t e r i o n  r e m a i n s  h i g h e r  t h a n  t h a t  o f  t h e  R e l a x e d  
C r i t e r i o n  a n d  a t  t h e  s a m e  t i m e  t h e  s e n s i t i v i t y  o f  t h e  F u z z y  C r i t e r i o n  i s  
a l m o s t  t w i c e  t h a t  o f  t h e  A b s o l u t e  C r i t e r i o n .  S o  w i t h i n  t h i s  r e g i o n  i t  i s  
p o s s i b l e  t o  c h o o s e  a  h i g h e r  s e n s i t i v i t y  w i t h  a n  i n c r e a s e  i n  g a i n  w i t h o u t  
c o m p r o m i s i n g  t h e  s p e c i f i c i t y  o f  t h e  r u l e  t o  a  g r e a t  d e g r e e .  T o  d o  t h i s  w i t h  a  
c l a s s i c a l  r u l e ,  o n e  w o u l d  h a v e  t o  c h a n g e  t h e  b o u n d a r i e s ,  c o n n e c t i v e s  a n d  
h o w  t h e y  a r e  a s s o c i a t e d ,  a n d / o r  a d d  a d d i t i o n a l  c l a u s e s .  
8 1  
4 . 5  P r o j e c t  C o n c l u s i o n s  
T h e  r e s u l t s  s e e m  t o  i n d i c a t e  t h a t  a  f u z z y  t r a n s f o r m a t i o n  o f  a  c l a s s i c a l  
r u l e ,  s u c h  a s  a p p l i e d  i n  t h i s  e x a m p l e ,  c a n  p r o d u c e  i n t e r p r e t a t i o n a l  b e n e f i t s  
o v e r  t h a t  o f  t h e  u n t r a n s f o r m e d  c l a s s i c a l  r u l e .  I n  t h e  f i r s t  p a t i e n t  s t u d y ,  t h e  
m a r g i n a l  t o t a l s  f r o m  F i g u r e  6  s u g g e s t  t h a t  t h e  i n t e r p r e t a t i o n a l  p a t t e r n  
b e t t e r  a p p r o x i m a t e s  t h a t  o f  t h e  p h y s i c i a n ,  e v e n  t h o u g h  t h e  F u z z y  C r i t e r i o n  
w a s  n o t  a s  c o n s i s t e n t  a s  t h e  A b s o l u t e  C r i t e r i o n .  T h e  A b s o l u t e  C r i t e r i o n  
o u t p e r f o r m e d  t h e  p h y s i c i a n  w i t h  r e s p e c t  t o  o v e r a l l  c o n s i s t e n c y .  T h i s  
s u g g e s t s  t h a t  t h e  A b s o l u t e  C r i t e r i o n  m a k e s  c l a s s i f i c a t i o n  e r r o r s  w h e n  
r e v i e w i n g  d a t a  t h a t  n o i s y .  I n  t h e  s e c o n d  p a t i e n t  s t u d y ,  t h e  F u z z y  C r i t e r i o n  
e x h i b i t e d  a  g r e a t e r  s e n s i t i v i t y  t h a n  t h e  A b s o l u t e  C r i t e r i o n .  A l s o ,  i t  w a s  
s h o w n  t h a t  i f  t h e  g a i n  w a s  o n l y  a l l o w e d  t o  i n c r e a s e  m o d e s t l y  f r o m  0  ( a t  
w h i c h  p o i n t  t h e  F u z z y  C r i t e r i o n  m o d e l l e d  e x a c t l y  t h e  A b s o l u t e  C r i t e r i o n )  t o  
0 . 7 5 ,  t h e r e  w a s  a  s u b s t a n t i a l  i n c r e a s e  i n  t h e  s e n s i t i v i t y  ( a l m o s t  t w i c e ;  0 . 3 0  
t o  0 . 5 6 )  w i t h  o n l y  a  s m a l l  d e c r e a s e  i n  t h e  s p e c i f i c i t y  ( 0 . 9 6  t o  0 . 9 3 ) .  A l s o ,  i f i t  
i s  a c c e p t e d  t h a t  t h e  R e l a x e d  C r i t e r i o n  m o r e  c l o s e l y  a p p r o x i m a t e s  t h e  
P h y s i c i a n  ( s a y  i n  t e r m s  o f  s e n s i t i v i t y  o r  s p e c i f i c i t y ) ,  t h e n  c o m p a r a t i v e  
r e s u l t s  b e t w e e n  t h e  F u z z y  a n d  R e l a x e d  C r i t e r i o n  i n  t h e  s i m u l a t i o n  a l s o  
t e n d  t o  s u p p o r t  t h e s e  f i n d i n g s  v i a  t r a n s i t i v e  i n f e r e n c e  (  b y  a n a l o g y ,  i f  a  =  b ,  
b  =  c ,  t h e n  a  =  c ) .  
4 . 5 . 1  E x a m i n i n e - W h y  t h e  R u l e  B a s e d  C r i t e r i a  D i d  
n o t  E x a c t l y  M a t c h  t h e  P h y s i c i a n s '  
I n t e I P r e t a t i o n a l  B e h a v i o r  
T h e  r u l e s  e x a m i n e d  i n  t h e s e  s t u d i e s  d i d  n o t  c o m p l e t e l y  a p p r o a c h  t h e  
i n t e r p r e t a t i o n a l  b e h a v i o r  o r  s t a b i l i t y  a n d  f l e x i b i l i t y  o f  t h e  p h y s i c i a n .  
A l t h o u g h  t h e r e  w e r e  s o m e  f a v o r a b l e  c o m p a r i s o n s ,  n o n e  a l o n e  
a p p r o x i m a t e d  t h e  p h y s i c i a n s '  b e h a v i o r .  S e v e r a l  f a c t o r s  i n h e r e n t  i n  t h e  
r u l e s  a n d  p e r h a p s  o u r  k n o w l e d g e  a n d  m o d e l s  o f  t h e  m y o c a r d i u m  p r e c l u d e  
a  p e r f e c t  m a t c h  b e t w e e n  t h e  r u l e  b a s e d  c r i t e r i a  a n d  t h e  P h y s i c i a n .  
F o r  e x a m p l e  t h e  e x p e r t  p h y s i c i a n  s e e m s  t o  p o s s e s s  a n  a b i l i t y  t o  
d y n a m i c a l l y  a l t e r  t h e  i n t e r p r e t a t i o n a l  i m p o r t a n c e  o f  s y m p t o m s  o r  s i g n s  
a c c o r d i n g  t o  m e c h a n i s m s  n o t  i n h e r e n t  e i t h e r  i n  c l a s s i c a l  o r  f u z z y  l o g i c .  
T h e  p h y s i c i a n  c a n  r e a s o n  i n  t h e  l i g h t  o f  t h e  m e a n i n g  o f  t h e  p a r t i c u l a r  
c l i n i c a l  s i t u a t i o n  ( m e a n i n g  n a t u r a l  i n t e l l i g e n c e - b a s e d  o n  e x p e r i e n c e ,  
r u l e s  o f  t h e  t r a d e ,  s o f t  c r i t e r i a ,  a n d  u s e  o f  v a r i o u s  o t h e r  p i e c e s  o f  c l i n i c a l  
i n f o r m a t i o n  a n d  " c l u e s " ) .  T h e  p h y s i c i a n  c a n  e x t r a p o l a t e  b a s e d  u p o n  t h e  
e v i d e n c e  p r e s e n t e d .  F o r  i n s t a n c e ,  i n  m a k i n g  t h e  i n t e r p r e t a t i o n  t h e  
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p h y s i c i a n  h a s  a c c e s s  t o  t h e  c o m p l e t e  m e d i c a l  r e c o r d  o f  t h e  p a t i e n t  ( p h y s i c a l  
e x a m ,  p a t i e n t  v i s i t a t i o n ,  e l e c t r o c a r d i o g r a m / a n a l y s i s ,  l a b  d a t a ,  p r e v i o u s  
h i s t o r y ,  i n c l u d i n g  p a s t  e l e c t r o c a r d i o g r a m s ,  a n d  o t h e r  m i s c e l l a n e o u s ,  b u t  
p e r h a p s  u n o b s e r v a b l e  o r  q u a n t i t a t i v e  c l u e s ) .  S o  t h e  p h y s i c i a n  c a n  m a k e  
a n  i n t e r p r e t a t i o n  t h a t  i s  q u i t e  a c c u r a t e  a n d  p r e c i s e ,  a t  l e a s t  t o  t h e  d e g r e e  
e s t a b l i s h i n g  w h a t  t h e  p r o p e r  c a r e  a n d  t h e r a p y  f o r  t h e  p a t i e n t  s h o u l d  b e  
( d i f f e r e n t  d i a g n o s e s  m a y  h a v e  a  v e r y  s i m i l a r  t h e r a p y  o r  p a t i e n t  c a r e  p l a n ) .  
T h e  r u l e - b a s e d  c r i t e r i a  t h a t  w e r e  i n c l u d e d  i n  t h i s  s t u d y ,  o n  t h e  o t h e r  
h a n d ,  o n l y  r e v i e w e d  w h a t  w a s  i n c l u d e d  i n  t h e  p a t i e n t  r e c o r d .  T h i s  
i n c l u d e d  t h e  m a g n i t u d e s  o f  t h e  Q - a n d  R - w a v e s  a l o n g  w i t h  t h e  
c h a r a c t e r i z a t i o n  o f  t h e  T - w a v e s .  S o m e  p e r t i n e n t  i n f o r m a t i o n  c o u l d  n o t  b e  
r e v i e w e d  b y  t h e s e  r u l e s .  T h e  c r i t e r i a  w e r e  n o t  d e s i g n e d  t o  t a k e  a d v a n t a g e  
o f  e l e c t r o c a r d i o g r a p h i c  p a t t e r n s  o r  p r e v i o u s  i n t e r p r e t a t i o n s  t o  e v a l u a t e  t h e  
d a t a  m o r e  a c c u r a t e l y .  T h e  r u l e s  o n l y  e v a l u a t e d  o n e  s e t  o f  m a g n i t u d e s  p e r  
t i m e  p e r i o d .  T h e y  w e r e  n o t  a b l e  t o  r e v i e w  p r e v i o u s  i n t e r p r e t a t i o n s ,  o r  t h e  
p a t i e n t  a s  a  w h o l e .  
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A n o t h e r  r e l a t e d  r e a s o n  w h y  t h e  r u l e s  d i d  n o t  a p p r o a c h  t h e  b e h a v i o r  o f  
t h e  p h y s i c i a n  w a s  t h a t  d i f f e r e n t  p h y s i c i a n s  m a y  i n t e r p r e t  t h e  s a m e  d a t a  
s o m e w h a t  d i f f e r e n t l y  ( p h y s i c i a n  n o i s e ) .  N o  g o l d  s t a n d a r d  w a s  a p p l i e d  t o  
t h e  p h y s i c i a n  r e s u l t s .  O n e  p h y s i c i a n  m a y  s a y  l a t e r a l  i n f a r c t i o n ,  i n s t e a d  o f  
p e r h a p s  i n f e r i o r  i n f a r c t i o n .  H e n c e ,  e v e n  w i t h  t h e  p h y s i c i a n s  t h e r e  i s  t h e  
e l e m e n t  o f  n o i s e  i n  t h e i r  i n t e r p r e t a t i o n s  o r  s o m e  d e g r e e  o f  u n c e r t a i n t y  
w h e t h e r  o r  n o t  t h e  p h y s i c i a n  w a s  c o r r e c t  i n  t h e  i n t e r p r e t a t i o n .  
P a r e n t h e t i c a l l y  t h i s  a u t h o r  w o n d e r s  i f  t h e r e  i s  a l w a y s  a  c o m p l e t e l y  t r u e  
i n t e r p r e t a t i o n  o r  i f  i t  i s  n e c e s s a r y  t o  h a v e  a  c o m p l e t e l y  t r u e  i n t e r p r e t a t i o n .  
A f t e r  a l l ,  t h e  l a n g u a g e  h a s  a  d e g r e e  o f  u n c e r t a i n t y .  U l t i m a t e l y ,  w h e t h e r  
t h e  d i a g n o s i s  i s  a b s o l u t e l y  c o r r e c t  m a y  n o t  b e  w h a t  i s  m o s t  i m p o r t a n t .  F o r  
i n s t a n c e ,  i f  a  d i a g n o s i s  c l o s e l y  a p p r o x i m a t e s  t h e  a c t u a l  c l i n i c a l  c o n d i t i o n ,  
t h e n  m o r e  t h a n  l i k e l y ,  a n  e f f e c t i v e  t h e r a p y  c a n  b e  p r e s c r i b e d  e i t h e r  t o  t r e a t  
t h e  d i s e a s e  e f f e c t i v e l y  o r  a t  l e a s t  m a k e  t h e  p a t i e n t  m o r e  c o m f o r t a b l e .  B e i n g  
a s  c l o s e  a s  p o s s i b l e  w i t h  t h e  i n t e r p r e t a t i o n  t o  t h e  t r u e  d i a g n o s i s ,  g i v e n  t h e  
c u r r e n t  k n o w l e d g e  o f  m e d i c i n e  a n d  t h e  u n c e r t a i n t y  i n  t h e  p a t i e n t  
i n f o r m a t i o n ,  m a y  b e  a l l  t h a t  i s  r e q u i r e d .  T h e  p h y s i c a l  s c i e n c e s  f a c e  a  
s i m i l a r  i s s u e .  T h e  p h y s i c a l  s c i e n c e s  d e a l  w i t h  s i g n i f i c a n t  f i g u r e s ,  n o t  
n e c e s s a r i l y  a b s o l u t e  o n e s ,  i n  o r d e r  t o  m a k e  p r e d i c t i o n s .  
A n o t h e r  r e a s o n  w h y  t h e  c r i t e r i a  d i d  n o t  m a t c h  t h e  p h y s i c i a n  i s  t h e  
p h y s i c i a n ' s  a b i l i t y  t o  d e a l  w i t h  d i f f e r e n t  i n f o r m a t i o n  s o u r c e s .  S p e c i f i c a l l y ,  
i s  t h e  e l e c t r o c a r d i o g r a m  a  p e r f e c t  i n f o r m a t i o n  s o u r c e ?  E v e n  w i t h  n o  n o i s e  
i n  t h e  e l e c t r o c a r d i o g r a m ,  d o e s  t h e  e l e c t r o c a r d i o g r a m  p r o v i d e  a  c o m p l e t e  
r e c o r d  o f  t h e  e l e c t r o - p h y s i o - c h e m i c a l  a c t i o n s  o f  t h e  m y o c a r d i u m ,  i . e . ,  a n  
i n f e r i o r  i n f a r c t i o n ?  I s  t h e  p a t h o g e n e s i s  o f  m y o c a r d i a l  i n f a r c t i o n s  a n d  t h e  
a s s o c i a t e d  s y m p t o m o l o g y  a  c o m p l e t e  o r  i n c o m p l e t e  m o d e l ?  I f  t h e  m o d e l  i s  
n o t  c o m p l e t e ,  a n d / o r  t h e  e l e c t r o c a r d i o g r a m  d o e s  n o t  p r o v i d e  c o m p l e t e  
i n f o r m a t i o n ,  t h e n  t h e  p h y s i c i a n  s e e m s  a b l e  t o  d e a l  w i t h  i n c o m p l e t e  
t h e o r i e s  a n d  i n f o r m a t i o n  s o u r c e s  t o  m a k e  a  c o r r e c t  i n t e r p r e t a t i o n .  I t  
w o u l d  s e e m  t h a t  t h e r e  i s  a  c o m p o n e n t  o f  c r a f t m a n s h i p  i n  h o w  t h e  
p h y s i c i a n  a r r i v e s  a t  a n  i n t e r p r e t a t i o n  t h a t  c a n n o t  b e  m o d e l l e d  i n  a n  e x p e r t  
s y s t e m  a t  t h i s  t i m e .  T h r o u g h  e x p e r i m e n t  a n d  s t u d y  w e  s h o u l d  b e  a b l e  t o  
e x p l a i n  a n d  i n c o r p o r a t e  t h e  c r a f t  t o  e n r i c h  t h e  t h e o r y  a n d  f o r m u l a t e  t h e  
f i n d i n g s  i n t o  a  m o r e  a c c u r a t e  m o d e l .  
4 . 5 . 2  W a y s  t o  I m p r o v e  P e r f o r m a n c e  
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S p e c u l a t i v e l y ,  i t  m a y  b e  p o s s i b l e  t o  i n c r e a s e  t h e  p e r f o r m a n c e  o f  t h e  
f u z z y  r u l e  b y  m o d e l l i n g  t h e  R e l a x e d  C r i t e r i o n .  T h i s  c o u l d  b e  d o n e  b y  
d r o p p i n g  t h e  R - w a v e  m a g n i t u d e  c l a u s e  o r  " C o n f  _ 3 , "  c h a n g i n g  t h e  f u z z y  
s u b s e t s  b y  r e m o v i n g  t h e  l i n e a r  s t e p s ,  c h a n g i n g  w h a t  w a s  m e a n t  b y  a  y e s  o r  
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n o  i n t e r p r e t a t i o n ,  a d d i n g  a d d i t i o n a l  c l a u s e s ,  p a t t e r n  m a t c h i n g ,  
i n t e r p r e t a t i o n  b a s e d  o n  p r e s e n t  a n d  p a s t  r e c o r d s ,  u t i l i z i n g  f u z z y  p a t t e r n  
m a t c h i n g ,  o r  o t h e r  f u z z y  t e c h n i q u e s .  H o w e v e r  i t  i s  q u e s t i o n a b l e  i f  m u c h  
b e n e f i t  c o u l d  b e  d e r i v e d  i n  r e l a t i o n  t o  t h e  c o s t  a n d  i n t e n s i t y  o f  t h e  r e s e a r c h  
n e e d e d  t o  e x p l o r e  t h e  a b o v e  p r o p o s a l s  a d e q u a t e l y .  T h i s  a u t h o r  f e e l s  t h a t  i n  
o r d e r  t o  t a k e  f u l l  a d v a n t a g e  o f  F u z z y  L o g i c ,  t h e  w h o l e  c l i n i c a l  e v a l u a t i o n  
p r o c e s s  s h o u l d  b e  e x p l o r e d ,  m e a n i n g  c r e a t i n g  a  F u z z y  d a t a  b a s e ,  u s i n g  
F u z z y  r u l e s  a n d  F u z z y  r e a s o n i n g  m e t h o d s .  T h i s  a l s o  m e a n s  t h e  u s e  o f  
f u z z y  m e m b e r s h i p  f u n c t i o n s  t o  r e p r e s e n t  t h e  m e a n i n g  o f  c l i n i c a l  t e r m s .  
H o w e v e r ,  t h e  m o d e l l i n g  o f  l i n g u i s t i c  c o n c e p t s  a n d  r e a s o n i n g  m e t h o d s  
c o u l d  p r o v e  t o  b e  a s  l a b o r  i n t e n s i v e  a n d  c o n t r o v e r s i a l  i n  i m p l e m e n t a t i o n  a s  
d e r i v i n g  a  s t a t i s t i c a l  f r a m e w o r k  f o r  a s s i g i n i n g  B a y e s i a n  p r o b a b i l i t i e s  f o r  
t h e  i n t e r p r e t a t i o n  o f  d i s e a s e  c o n d i t i o n s .  
A n  i n c r e a s e  i n  t h e  p e r f o r m a n c e  o f  t h e  c l a s s i c a l  r u l e  w a s  o b t a i n e d  b y  
t r a n s f o r m i n g  i t  i n t o  a  F u z z y  r u l e ,  w i t h  s o m e  i n h e r e n t  f l e x i b i l i t y  i n  i t s  u s e ,  
b y  a l t e r i n g  t h e  f u z z y  s u b s e t s  o r  g a i n .  H o w e v e r ,  t h e  F u z z y  r u l e  c o u l d  n o t  
a c h i e v e  a  h i g h e r  s p e c i f i c i t y  t h a n  t h e  R e l a x e d  C r i t e r i o n  w i t h o u t  l o w e r i n g  
t h e  s e n s i t i v i t y  b e l o w  t h e  R e l a x e d  C r i t e r i o n .  A l s o ,  a  h i g h e r  s e n s i t i v i t y  t h a n  
t h e  R e l a x e d  C r i t e r i o n  c o u l d  n o t  b e  a c h i e v e d  w i t h o u t  l o w e r i n g  t h e  s p e c i f i c i t y  
b e l o w  t h a t  o f  t h e  R e l a x e d  C r i t e r i o n .  O v e r a l l ,  t h e  m o r e  c o m p l e x  c l a s s i c a l  
d e s c e n d a n t  r u l e  o f  t h e  A b s o l u t e  C r i t e r i o n ,  t h e  R e l a x e d  C r i t e r i o n ,  o u t  
p e r f o r m e d  t h e  f u z z y  r u l e  i n  t e r m s  o f  s e n s i t i v i t y  o r  s p e c i f i c i t y .  
4 . 5 . 3  T h o u i ' h t s  o n  F u z z y  L o d e  a n d  I m i t a t i n i '  
P h y s i c i a n  D i a m o s t i e  B e h a v i o r  
O w i n g  t o  t h e  n a t u r e  o f  F u z z y  L o g i c ,  o n e  c a n  p e r h a p s  t h i n k  o f  i t  a s  a  
m e t a - r u l e  s e t  ( s i n c e  i t  i s  a  l o g i c  a n d  s e t  t h e o r y )  w h i c h  b e g i n s  t o  m o d e l  t h e  
" d y n a m i c  d e c i s i o n  b e h a v i o r "  o f  t h e  p h y s i c i a n  m o r e  a p t l y  t h a n  a  C l a s s i c a l  
L o g i c ,  i n  t h a t  i t  c a n  c h a n g e  w h i c h  p i e c e  o f  i n f o r m a t i o n  i s  " m o r e  c l i n i c a l l y  
i m p o r t a n t "  a n d  p r o v i d e  a  g r a d e d  i n t e r p r e t a t i o n .  T h i s  b e g i n s  w i t h  t h e  
p r o c e s s  o f  d e f i n i n g  t h e  i n t e r p r e t a t i o n  i n t e r v a l s  o r  f u z z y  s u b s e t s .  A s  i n  t h i s  
p r o j e c t ,  e a c h  c l a u s e  o f  t h e  C l a s s i c a l  r u l e  w e r e  m a d e  i n t o  a  f u z z y  s u b s e t  
w h i c h  a l l o w e d  t h e  r u l e  t o  a s c r i b e  m e m b e r s h i p  o f  a  p a r t i c u l a r  d a t a  i t e m  t o  
t h e  s e m a n t i c  m e a n i n g  o f  t h e  c l a u s e .  I n  o t h e r  w o r d s  t h e  c r i s p  b o u n d a r i e s  
o f  t h e  C l a s s i c a l  r u l e  w e r e  m a d e  U s o f t . "  A  c r i s p  b o u n d a r y  w a s  t r a n s f o r m e d  
i n t o  a n  i n t e r v a l .  H e n c e ,  r e l a t i v e l y  s m a l l  c h a n g e s  i n  t h e  d a t a  d o  n o t  c a u s e  
l a r g e  c h a n g e s  i n  t h e  f i n a l  o u t c o m e  o f  t h e  i n t e r p r e t a t i o n  b y  t h e  F u z z y  
C r i t e r i o n .  T h e  p r o c e s s  w a s  c o n t i n u e d  w i t h  t h e  a p p l i c a t i o n  o f  t h e  
M A X I M I N  r u l e  o f  c o m p o s i t i o n .  F o r  i n s t a n c e ,  t h e  c l a u s e s  o f  f u z z y  r u l e s  
c o n n e c t e d  b y  a  c o n j u n c t i v e  d o  n o t  g i v e  a  z e r o  r e s u l t  u n l e s s  e a c h  c l a u s e  h a s  
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a  c o n f i d e n c e  o r  c e r t a i n t y  o f O .  F i n a l l y  t h e  p r o c e s s  e n d e d  w i t h  t h e  e v a l u a t i o n  
t h r o u g h  M I N I M A X  c o m p o s i t i o n  w h i c h  a s c r i b e d  m e m b e r s h i p  o f  a l l  t h e  
i n f o r m a t i o n  o r  d a t a  i n  t h e  f u z z y  s u b s e t ,  i n f e r i o r  i n f a r c t i o n .  T h e  F u z z y  
C r i t e r i o n  g a v e  d i f f e r e n t  c o n f i d e n c e  v a l u e s  o f  a n  i n t e r p r e t a t i o n  o f  i n f e r i o r  
i n f a r c t i o n .  T h e s e  v a l u e s  w e r e  0 % ,  2 5 % ,  5 0 % ,  7 5 % ,  a n d  1 0 0 %  c o n f i d e n c e s  
w h i c h  a r e  d e g r e e s  o f  m e m b e r s h i p  i n  t h e  s e t  o f  p e o p l e  s u f f e r i n g  f r o m  
i n f e r i o r  i n f a r c t i o n .  T h e s e  v a l u e s  c o r r e s p o n d e d  w i t h :  i n f e r i o r  i n f a r c t i o n  
n o t  p o s s i b l e ,  c o n s i d e r  a n  i n f a r c t i o n ,  i n f e r i o r  i n f a r c t i o n  p o s s i b l e ,  i n f e r i o r  
i n f a r c t i o n  p r o b a b l e ,  a n d  d e f i n i t e  i n f e r i o r  i n f a r c t i o n .  H e n c e  t h e  F u z z y  
C r i t e r i o n  i s  a b l e  t o  g i v e  a  g r a d e d  i n t e r p r e t a t i o n  w h i c h  c a n  b e  u s e d  t o  
d e s c r i b e  a  p a t i e n t ' s  d e g r e e  o f  m e m b e r s h i p  i n  t h e  f u z z y  s e t ,  p e o p l e  w i t h  
i n f e r i o r  i n f a r c t i o n s ,  a n d  p r o v i d e  a  b a s i s  t h r o u g h  w h i c h  s m a l l  c h a n g e s  i n  
t h e  d a t a  h a v e  n e g l i g i b l e  e f f e c t s  i n  t h e  f i n a l  i n t e r p r e t a t i o n .  
T h e s e  f e a t u r e s  a r e  n o t  a n  i n h e r e n t  f e a t u r e  o f  C l a s s i c a l  L o g i c  o r  r u l e s .  
F o r  C l a s s i c a l  L o g i c  s y s t e m s ,  o t h e r  r u l e s  w o u l d  h a v e  t o  b e  w r i t t e n  i n  o r d e r  
t o  d e s c r i b e  t h e  m e m b e r s h i p  o r  d e g r e e  o f  c e r t a i n t y  o f  a n  i n f e r i o r  i n f a r c t i o n  
a n d  t h e  M A X I M I N  r u l e  o f  c o m p o s i t i o n .  I n  a d d i t i o n ,  s m a l l  c h a n g e s  i n  t h e  
d a t a  c o u l d  b r i n g  a b o u t  s i g n i f i c a n t  o u t c o m e s  i n  t h e  f i n a l  i n t e p r e t a t i o n .  F o r  
e x a m p l e  a  1 0  m i c r o v o l t  c h a n g e  n e a r  a  c r i s p  b o u n d a r y  i n  t h e  Q - w a v e  o r  
R - w a v e  c o u l d  b r i n g  a b o u t  a  c o m p l e t e  r e v e r s a l  o f  t h e  i n t e r p r e t a t i o n ,  l e a d i n g  
t o  a  c l a s s i f i c a t i o n  e r r o r .  T h i s  w a s  i l l u s t r a t e d  i n  T a b l e  2 ,  e x a m p l e s  ( i ,  j )  a n d  
( c  , d ) .  A l s o ,  s i n c e  m o r e  r u l e s  w o u l d  b e  n e e d e d  t o  a s s i g n  m e m b e r s h i p  i n  a  
p a r t i c u l a r  s e t ,  c o m b i n a t o r i a l  p r o b l e m s  o f  r u l e s  w o u l d  h a v e  t o  b e  c o n t e n d e d  
w i t h  i n  s u c h  a  C l a s s i c a l  L o g i c  e x p e r t  s y s t e m .  
4 . 5 . 4  R e l e v a n c e  o f  P r o j e c t  t o  Dia~ostic S y s t e m s  
O n e  m a y  a s k  w h i c h  a p p r o a c h  i s  b e t t e r ,  t h e  C l a s s i c a l  r u l e s  o r  t h e  F u z z y  
r u l e s .  A t  t h i s  j u n c t u r e  t h e r e  c a n  b e  n o  d e f i n i t i v e  a n s w e r ,  f o r  e a c h  
a p p r o a c h  a s  u t i l i z e d  i n  t h e s e  s t u d i e s  h a s  e x h i b i t e d  i n t e r p r e t a t i o n a l  
w e a k n e s s e s  a n d  s t r e n g t h s .  
Y e t  i f  o n e  a g r e e s  w i t h  Z a d e h  ( 3 )  t h a t  F u z z y  L o g i c  s u b s u m e s  p r e d i c a t e  
l o g i c  a n d  p r o b a b i l i t y  t h e o r y ,  t h e n  i t  w o u l d  s e e m  a p p r o p r i a t e  t h a t  a n  e x p e r t  
s y s t e m  h a v e  t h e  c a p a b i l i t y  o f  i m p l e m e n t i n g  a  F u z z y  f o r m a l i s m .  I f  
c o n d i t i o n s  w a r r a n t  C l a s s i c a l  a p p r o a c h e s ,  t h e n  t h e  d a t a b a s e ,  
k n o w l e d g e b a s e  a n d  i n f e r e n t i a l  m e c h a n i s m s  c a n  b e  i m p l e m e n t e d  a s  
C l a s s i c a l  f o r m a l i s m s .  H o w e v e r ,  i f  m e m b e r s h i p  o r  c o n f i d e n c e  i s  a n  i s s u e ,  
o r  a  m u l t i v a l u e d  l o g i c  i s  i m p l i c a t e d ,  t h e n  F u z z y  f o r m a l i s m s  m a y  b e  m o r e  
a p p r o p r i a t e  f o r  i m p l e m e n t i n g  a n  e x p e r t  m o d u l e  o r  s u b s e t  t o  t h e  t o t a l  
s y s t e m  f o r  a  p a r t i c u l a r  m e d i c a l  d o m a i n .  
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T h i s  a u t h o r  f e e l s  t h a t  t h e  p r o b l e m  m a y  n o t  b e  i n  w h a t  a p p r o a c h  i s  u s e d ,  
b u t  t h a t  a  s y s t e m  i s  u n a b l e  t o  a d o p t  a l t e r n a t i v e  k n o w l e d g e  f o r m a l i s m s ,  
e i t h e r  t o  i m p l e m e n t  t h e  r e a s o n i n g  a n d  k n o w l e d g e  r e p r e s e n t a t i o n  s c h e m e  
b e s t  s u i t e d  t o  s o l v e  a  g i v e n  m e d i c a l  p r o b l e m ,  o r  a l l o w  a  k n o w l e d g e  e n g i n e e r  
o r  p r a c t i t i o n e r  p e r s o n a l  d i s c r e t i o n  i n  t h e  d e s i g n  o f  a n  e x p e r t  d e c i s i o n  
m o d u l e .  A  d i v e r s i f i c a t i o n  o f  k n o w l e d g e  f o r m a l i s m s  i n  a n  e x p e r t  s y s t e m  
w o u l d  a l l o w  p r a c t i t i o n e r s  t o  t a k e  a d v a n t a g e  o f  t h e  p l e t h o r a  o f  m e d i c a l  
d e c i s i o n  s c h e m e s  a v a i l a b l e  t o  i m p l e m e n t  e x p e r t  m o d u l e s  f o r  a  p a r t i c u l a r  
m e d i c a l  d o m a i n  ( 2 0 ) .  
I n  c o n c l u s i o n ,  t h e  d i f f e r e n t  f o r m a l i s m s  a r e  o u r  " c o g n i t i v e  t o o l s ; t  w h i c h  
w e  c a n  u s e  t o  m a n i p u l a t e  m o d e l s  o f  " r e a l  t h i n g s : t  T h e s e  f o r m a l i s m s  c a n  
a l s o  b e  u s e d  a s  l e a r n i n g  t o o l s  a n d  a  m e a n s  o f  c h a n g i n g  o u r  m e n t a l  
" v i e w p o i n t s t t  a n d  i n c r e a s i n g  o u r  k n o w l e d g e  o f  m e d i c i n e .  T h e s e  c o g n i t i v e  
t t e x e r c i s e s "  a r e  i m p o r t a n t  s o  t h a t  o u r  m o d e l s  m o r e  c l o s e l y  a p p r o x i m a t e  
" r e a l  t h i n g s "  s o  t h a t  o u r  p r e d i c t i o n s / i n f e r e n c e s  a r e  m o r e  a c c u r a t e  a n d  
i n f o r m a t i v e ,  t h u s  i m p r o v i n g  t h e  h e a l t h  c a r e  o f  t h e  p a t i e n t  ( 2 1 ,  2 2 ) .  
1 .  
I I .  
A P P E N D I X  A  
T H E  C R I T E R I A  
A b s o l u t e  C r i t e r i o n :  
I f  { [  q  <  - 5 0  a n d  r / q  >  - 4  a n d  R  ~ 4 0 0 ]  o r  [ q  <  - 2 5 0 ] }  
t h e n  i n f e r i o r  i n f a r c t i o n  
R e l a x e d  C r i t e r i o n :  
I f  {  [  q  <  - 5 0  a n d  r / q  >  - 4  (  a n d  r  ~ 4 0 0 )  t ]  *  
o r  [  q  <  - 1 5 0  ]  o r  [  q  <  - 7 5  a n d  t  : ¢ :  2  ] }  
t h e n  n o n - d i a g n o s t i c  q - w a v e s  
I I I .  F u z z y  C r i t e r i o n  
C o n f i d e n c e  o f  I n f e r i o r  I n f a r c t i o n  i s  d e t e r m i n e d  b y :  
r  
M A X I M U M  
[ · ·  • .  C o n f i d e t . r c e : :  
C o n f  1  
C o n f  2  
C o n f  3  r  
C o n C 4  " '  
r  
M I N I M U M  
L.P!~~~.~ . . . . . . . . . . . . . . . . . . . . . . . . .  'A.~.~.......... . .  . . . . . . .  !!!!.~ . .  :~.......... . .  . . . . . .  !:.'!:.~.......... .  . . . . . . .  .9..~.:.!9Q . . . . . . . . .  . .  
>  2 5 % U t  · 2 5  S q  < 0  - 4  S  . r / q  <  - 3 . 5  2 5 0 S  r <  3 0 0  - 1 5 0  <  q  S - l 0 0  
~t5O%m=F . . . . . . . . . . . .  · · ·  . .  :50s·~·~·:25 . .  ·  . . .  ·~:i:5·s··;i~··:;·~3 . . . .  " ' s o < ) ' s ' j ; ' < ' S 5 < f '  .  · · : 2 0 0 · : ; : · q · S · : 1 5 0 ·  . .  . .  
~~~.~.".'~"I!~~ • . . . . . . . . . . . . . . . . . . . . . . . . . . .  " . . . . . . . . . . . . .  •  . . . . . . . . . . . . . . . . . .  7 . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .  
::?l~): - 7 5  S  q  < - 5 0  · 3  S  r / q  <  - 2 . 5  3 5 0 S r < 4 0 0  · 2 5 0  < q S - 2 0 0  
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T h e s e  a r e  t h e  t h r e e  d e t e r m i n i s t i c  c r i t e r i a  u s e d  i n  t h i s  p r o j e c t .  T h e  f i r s t  
t w o  c r i t e r i a  a r e  t h e  H E L P  s y s t e m  C l a s s i c a l  d e t e r m i n i s t i c  r u l e s  w h i c h  
d e t e r m i n e  w h e t h e r  o r  n o t  a  p e r s o n  h a s  s u f f e r e d  e i t h e r  a n  i n f e r i o r  
i n f a r c t i o n  o r  h a s  a n  e l e c t r o c a r d i o g r a p h i c  c o n d i t i o n  t h a t  i s  c h a r a c t e r i z e d  b y  
n o n d i a g n o s t i c  q - w a v e s  ( c o n s i d e r e d  t o  r e p r e s e n t  i n f e r i o r  i n f a r c t i o n  i f  
p r e s e n t  i n  t h e  Y - l e a d ) .  U n d e r  s u c h  c l a s s i c a l  r u l e s  a  p a t i e n t  e i t h e r  h a s  o r  
d o e s  n o t  h a v e  t h e s e  c o n d i t i o n s .  H o w e v e r ,  F u z z y  f o r m a l i s m s  a l l o w  v a l u e s  
b e t w e e n  y e s  a n d  n o ,  i . e . ,  v a l u e s  b e t w e e n  0 %  a n d  1 0 0 % .  T h e  F u z z y  
C r i t e r i o n  a s  i m p l e m e n t e d  i n  t h i s  p r o j e c t  c o u l d  h a v e  l o g i c a l  r e s u l t s  f o r  
i n f e r i o r  i n f a r c t i o n  o f  0 % ,  2 5 % ,  5 0 % ,  7 5 % ,  o r  1 0 0 % .  T h e s e  n u m b e r s  
r e p r e s e n t  t h e  p o s s i b i l i t y  o f  i n f e r i o r  i n f a r c t i o n .  A n y  c o n f i d e n c e  g r e a t e r  t h a n  
o r  e q u a l  t o  2 5 %  r e p r e s e n t e d  i n f e r i o r  i n f a r c t i o n  i n  t h i s  p r o j e c t .  
*  A  t - w a v e  c h a r a c t e r  n o t  e q u a l  t o  2  i n  t h e  p a t i e n t  r e c o r d  w a s  c o n s i d e r e d  a n  
a b n o r m a l  t - w a v e ;  v i z . ,  m e a n i n g  n e g a t i v e  o r  n o n e x i s t e n t .  
t  T h i s  c l a u s e  u s e d  i n  t h e  s i m u l a t i o n  s t u d y  a n d  n o t  u s e d  i n  P a t i e n t  S t u d y  I I .  
0 0  
A P P E N D I X B  
H O W  T O  E V A L U A T E  A  F U Z Z Y  R U L E  A C C O R D I N G  T O  T H E  M A X I M I N  
R U L E  O F  F U Z Z Y  C O M P O S I T I O N  
T h e  c l a u s e s  o f  d e t e r m i n i s t i c  F u z z y  r u l e s  a r e  c o n n e c t e d  t h r o u g h  t h e  u s e  
o f  t h e  f o l l o w i n g  c o n n e c t i v e s :  " A N D "  a n d  " O R " .  A l t h o u g h  t h e s e  
c o n n e c t i v e s  a r e  t h e  s a m e  a s  t h o s e  u s e d  i n  d e t e r m i n i s t i c  C l a s s i c a l  r u l e s ,  
t h e i r  l o g i c a l  o p e r a t i o n s  a r e  d i f f e r e n t .  
A s s u m e  t h a t  A ,  B ,  C ,  a n d  D  c a n  b e  e i t h e r  C l a s s i c a l  o r  F u z z y  L o g i c a l  
c l a u s e s  c o n n e c t e d  b y  n A N D "  o r  n O R " .  A n  " A N D "  c o n n e c t i v e  i n  a  F u z z y  
r u l e  i m p l i e s  t h e  F u z z y  i n t e r s e c t i o n  o f  t w o  o r  m o r e  F u z z y  s u b s e t s .  H e n c e  
t h e  m i n i m u m  m e m b e r s h i p  o r  c o n f i d e n c e  o f  t h e  c l a u s e s  i s  t a k e n .  O n  t h e  
o t h e r  h a n d ,  F u z z y  c l a u s e s  c o n n e c t e d  b y  a n  " O R
I t  
i m p l i e s  t h e  F u z z y  u n i o n  o f  
t w o  o r  m o r e  F u z z y  s u b s e t s .  H e n c e  t h e  m a x i m u m  m e m b e r s h i p  o r  
c o n f i d e n c e  o f  t h e  c l a u s e s  i s  t a k e n .  
T h e  f o l l o w i n g  e x a m p l e s  t h a t  c o n t r a s t  t h e  e v a l u a t i o n s  o f  C l a s s i c a l  a n d  
F u z z y  c l a u s e s  s h o u l d  h e l p  t h e  r e a d e r  u n d e r s t a n d  s o m e  o f  t h e  r u d i m e n t a r y  
l o g i c a l  o p e r a t i o n s  a n d  r u l e  e v a l u a t i o n s  o f  F u z z y  L o g i c .  
•  D e t e r m i n i s t i c  C l a s s i c a l  r u l e  e v a l u a t i o n s :  
e . g . ,  T r u t h  T a b l e  f o r  t h e  C l a u s e s  A  a n d  B .  
A  B  A a n d B  
T ( l )  T ( l )  T ( l )  
T ( l )  F ( O )  F ( O )  
F ( O )  T ( l )  F ( O )  
F ( O )  F ( O )  F ( O )  
A o r B  
T ( l )  
T ( l )  
T ( l )  
F ( O )  
A  d e t e r m i n i s t i c  C l a s s i c a l  r u l e  h a s  c l a u s e s  t h a t  a r e  e i t h e r  t r u e  o r  f a l s e ,  
a n d  b a s e d  u p o n  t h e  t r u t h  o f  t h e  c l a u s e s  a n d  t h e  l o g i c a l  c o n n e c t i v e s ,  a  r u l e  
i s  e i t h e r  t r u e  o r  f a l s e .  
•  D e t e r m i n i s t i c  F u z z y  r u l e  e v a l u a t i o n s :  
T h e  m e m b e r s h i p ,  c o n f i d e n c e ,  o r  c e r t a i n t y  o f  a  c l a u s e  c a n  b e  s h o w n  i n  
t h e  f o l l o w i n g  m a n n e r :  m l C l a u s e .  T h e  t t m t t  i s  a n  e l e m e n t  o f  [ 0 , 1 ]  a n d  
r e p r e s e n t s  t h e  c o n f i d e n c e  o f  a  c l a u s e .  
A  c o n f i d e n c e  t a b l e ,  w h i c h  i s  a n a l o g o u s  t o  T r u t h  t a b l e  f o r  C l a s s i c a l  
r u l e s ,  i s  s h o w n  b e l o w  t o  e m p h a s i z e  t h e  F u z z y  e v a l u a t i o n  p r o c e s s .  
m J A  
l I A  
l I A  
O I A  
O I A  
m I B  
l I B  
O I B  
l I B  
O I B  










.  I f  t h e  m e m b e r s h i p  o r  c o n f i d e n c e  v a l u e s  m i m i c  t h e  t r u t h  v a l u e s  o f  t h e  
C l a s s i c a l  r u l e s ,  t h e  f i n a l  e v a l u a t i o n s  o f  t h e  r u l e s  a r e  e s s e n t i a l l y  t h e  s a m e .  
B u t  i f  i n t e r m e d i a t e  o r  v a l u e s  b e t w e e n  0  a n d  1  a r e  u s e d  t o  r e p r e s e n t  t h e  
c o n f i d e n c e s  o f  t h e  c l a u s e s ,  t h e  f i n a l  e v a l u a t i o n s  a r e  d i f f e r e n t .  
A  c o n f i d e n c e  t a b l e  f o r  i n t e r m e d i a t e  c o n f i d e n c e  v a l u e s  f o r  t h e  F u z z y  
e v a l u a t i o n  p r o c e s s  c a n  l o o k  l i k e  t h e  f o l l o w i n g .  
m J A  
m I B  
A a n d B  
A o r B  
0 . 9 0 / A  0 . 9 3 / B  0 . 9 0  0 . 9 3  
0 . 8 0 / A  
1 . 0 0 1 B  0 . 8 0  
1 . 0 0  
1 . 0 0 / A  
0 . 8 0 1 B  
0 . 8 0  1 . 0 0  
0 . 5 0 / A  0 . 2 5 1 B  0 . 2 5  0 . 5 0  
0 . 1 0 / A  0 . 0  l I B  0 . 0 1  0 . 1 0  
0 . 5 3 / A  
0 . 5 3 1 B  
0 . 5 3  0 . 5 3  
T h e  e v a l u a t i o n s  n o  l o n g e r  r e p r e s e n t  d e f i n i t e  o u t c o m e s  b u t  i n s t e a d  
r e p r e s e n t  i n t e r m e d i a t e  p o s s i b i l i t i e s  b e t w e e n  a n d  i n c l u d i n g  0  a n d  1 .  
C o n f i d e n c e  v a l u e s  r e p r e s e n t  s u b j e c t i v e  d e g r e e s  o f  u n c e r t a i n t y  o r  n o i s e  i n  
c l a u s e s ,  p r o p o s i t i o n s ,  o r  o t h e r  l o g i c a l  s t a t e m e n t s .  
9 1  
A P P E N D I X C  
F U R T H E R  E X P L O R A T I O N S  W I T H  T H E  
E V  A L U A T I O N O F  F U Z Z Y  R U L E S  
9 2  
G i v e n  t h e  f o l l o w i n g  c l a u s e s  w i t h  t h e  c e r t a i n t y  o r  c o n f i d e n c e  v a l u e s  a n d  
l o g i c a l  c o n n e c t i v e s :  
E x a m p l e  1 :  
{ 0 . 5 0 / A  a n d  0 . 2 5 / B  }  a n d  { 0 . 2 5 / C  o r  1 . 0 0 m }  =  
m i n  {  m i n  [ 0 . 5 0 ,  0 . 2 5 ] ,  m a x  [  0 . 2 5 ,  1 . 0 0  ]  }  =  
m i n  {  0 . 2 5 ,  1 . 0 0  }  =  
0 . 2 5  t h e  c o n f i d e n c e  o r  c e r t a i n t y  i n  t h e  f o u r  c l a u s e s .  
E x a m p l e  2 :  
{  O . 5 0 / A  a n d  0 . 2 5 / B  }  o r  {  0 . 2 5 / C  o r  1 . 0 0 m  }  =  
m a x  {  m i n  [  0 . 5 0 ,  0 . 2 5  ] ,  m a x  [  0 . 2 5 ,  1 . 0 0  ]  }  =  
m a x  {  0 . 2 5 ,  1 . 0 0  }  =  
1 . 0 0  =  t h e  c o n f i d e n c e  i n  t h e  f o u r  c l a u s e s  
E x a m p l e  3 :  
{ 0 . 5 0 / A  a n d  0 . 2 5 / B  }  o r  { 0 . 2 5 / C  a n d  1 . 0 0 m  }  =  
m a x  {  m i n  [  0 . 5 0 ,  0 . 2 5  ] ,  m i n  [  0 . 2 5 ,  1 . 0 0  ]  }  =  
m a x  {  0 . 2 5 ,  0 . 2 5  }  =  
0 . 2 5  =  t h e  c o n f i d e n c e  i n  t h e  f o u r  c l a u s e s  
E x a m p l e  4 :  
{ 0 . 5 0 / A  a n d  0 . 2 5 / B  }  a n d  { 0 . 2 5 / C  a n d  1 . 0 0 m }  =  
m i n  {  m i n  [  0 . 5 0 ,  0 . 2 5  ] ,  m i n  [  0 . 2 5 ,  1 . 0 0  ]  }  =  
m i n  {  0 . 2 5 ,  0 . 2 5  }  =  
0 . 2 5  =  t h e  c o n f i d e n c e  i n  t h e  f o u r  c l a u s e s  
E x a m p l e  5 :  
{ 0 . 5 0 / A  a n d  0 . 2 5 / B  }  a n d  { O e 7 5 / C  a n d  1 . 0 0 1 D }  =  
m i n  { m i n  [ 0 . 5 0 , 0 . 2 5  ] ,  m i n  [ 0 . 7 5 , 1 . 0 0 ]  =  
m i n  { 0 . 2 5 ,  0 . 7 5 }  
0 . 2 5  =  t h e  c o n f i d e n c e  i n  t h e  f o u r  c l a u s e s  
E x a m p l e  6 :  
{  O . 5 0 / A  a n d  0 . 2 5 / B  }  o r  {  0 . 7 5 / C  a n d  1 . 0 0 1 D  }  =  
m a x  {  m i n  [  0 . 5 0 ,  0 . 2 5  ] ,  m i n  [  0 . 7 5 ,  1 . 0 0 ]  =  
m a x  {  0 . 2 5 ,  0 . 7 5  }  
0 . 7 5  =  t h e  c o n f i d e n c e  i n  t h e  f o u r  c l a u s e s  
9 3  
A s  c a n  b e  s e e n  f r o m  t h e s e  e x a m p l e s ,  d e p e n d i n g  o n  t h e  c o n f i d e n c e  v a l u e s  o f  
t h e  i n d i v i d u a l  c l a u s e s ,  t h e  l o g i c a l  c o n n e c t i v e s  a n d  t h e  l o g i c a l  f l o w ,  t h e  
e v a l u a t i o n s  o f  t h e  c l a u s e s  c a n  b e  q u i t e  d i f f e r e n t .  
A P P E N D I X D  
I L L U S T R A T I O N  O F  T H E  M E A N I N G  O F  G A I N  I N  T H E  F U Z Z Y  
C R I T E R I O N  
i f  
( q - w a v e  <  - 7 5 . 0 )  
t h e n  c o n f i d e n c e _ 1  =  1 . 0 0  
e l s e  i f  
{ q - w a v e  <  [ - 7 5  +  ( g a i n  x  2 5 ) ]  a n d  ( q - w a v e  ~ - 7 5 ) }  
t h e n  c o n f i d e n c e _ 1  =  0 . 7 5  
e l s e  i f  
{ q - w a v e  <  [ - 7 5  +  ( g a i n  x  5 0 ) ]  a n d  [ q - w a v e  ~ - 7 5  +  ( g a i n  x  2 5 ) ] }  
t h e n  c o n f i d e n c e _ 1  =  0 . 5 0  
e l s e  i f  
{ q - w a v e  <  [ - 7 5  +  ( g a i n  x  7 5 ) ]  a n d  [ q - w a v e  ~ - 7 5  +  ( g a i n  x  5 0 ) ] }  
t h e n  c o n f i d e n c e _ 1  =  0 . 2 5  
e l s e  i f  
q - w a v e  ~ - 7 5  +  ( g a i n  x  7 5 )  
t h e n  c o n f i d e n c e _ 1  =  0 . 0 0  
G a i n ,  a s  u s e d  i n  t h e  c o n t e x t  o f  t h i s  p r o j e c t ,  i s  a  f a c t o r  t h a t  m u l t i p l i e s  
t h e  s t e p  w i d t h  o f  t h e  d i f f e r e n t  d o m a i n s  i n  e a c h  c l a u s e .  I n  t h e  c a s e  o f  
C o n f i d e n c e _ 1 ,  e a c h  d o m a i n  i s  s e p a r a t e d  b y  2 5  m i c r o v o l t s  i f  t h e  g a i n  i s  
e q u a l  t o  o n e .  O n  t h e  o t h e r  h a n d ,  i f  t h e  g a i n  i s  e q u a l  t o  1 . 2 ,  e a c h  d o m a i n  i s  
s e p a r a t e d  b y  3 1 . 5  m i c r o v o l t s .  F u r t h e r m o r e ,  i f  t h e  g a i n  i s  e q u a l  t o  0 . 5 ,  t h e n  
e a c h  d o m a i n  i s  s e p a r a t e d  b y  1 2 . 5  m i c r o v o l t s .  I n  o t h e r  w o r d s ,  t h e  g a i n  
e i t h e r  i n c r e a s e s  ( d i l a t e s )  o r  d e c r e a s e s  ( c o n t r a c t s )  t h e  s e p a r a t e  d o m a i n s  o f  
e a c h  c o n f i d e n c e .  
I n  a  l i k e  m a n n e r ,  t h e  g a i n  i s  a p p l i e d  t o  t h e  o t h e r  c l a u s e s  o f  t h e  F u z z y  
C r i t e r i o n .  
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